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Thesis Summary

In this current era of anthropogenic climate change there is a growing need to predict the ability of species and communities to persist under future climate scenarios and land-use regimes. Understanding the mechanisms underpinning interactions between plants and environmental variation is key to this. To elucidate the importance of plant response mechanisms, an environmental metabolomics approach was applied to assesses the interaction between environment and plants in the metabolic phenotype.
	Phenotypic traits (phenology, productivity and reproductive) varied significantly between populations in a number of species, under the absence of environmental variation. Many of the trait patterns had a genetic basis, though the importance of environmental maternal effects was also highlighted.
	Metabolically fingerprinting five species of winter annual plants showed that species living together in a community have distinct metabolic phenotypes. While it could be expected that plants growing together in a community would share similar traits because they respond to the same environmental stimuli, this work highlights that species are fulfilling different metabolic niches within this community. 
Analysis of metabolic trait variation between populations growing under standard environmental conditions elicited species-specific responses. Variation in traits between populations related to variation in environmental conditions, highlighting that some species may adapted to local climates metabolically. Contrasting patterns of intra-specific metabolic variation suggested that plant responses such as phenotypic plasticity to environmental variation could play a key role in the control of metabolism. 
Plants growing in their natural habitat represent a valuable resource for elucidating mechanisms of acclimation to environmental constraints. Metabolic variation of field samples could not be detected at small spatial scales encapsulating habitat heterogeneity. Metabolic differences could be detected at larger scales, such as the population level, though regional scales showed the largest metabolic variation. 
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[bookmark: _Toc291410028]1.1- Unraveling relationships between plants and past, current and future climatic conditions
Human activities have led to significant increases in greenhouse gases during the industrial era (starting about 1750) (IPCC, 2007), which, along with other changes in solar radiation and land surface properties, alter the energy balance of the climate system (IPCC, 2007). Warming of the climate system is unequivocal and over a recent 50-year period (1956-2005) a linear warming trend of 0.13C per decade has been observed (IPCC, 2007). The current rapid increase in atmospheric CO2 concentrations is thought to have the potential to drive current climatic changes more quickly than all previous climatic changes (IPCC, 2007), and as such these changes may be at such a pace that exceeds the ability of individuals, populations and communities to assimilate them (Root et al., 2003). Evidence of current biological impacts of climate change on many diverse taxa across a range of geographic regions has been reviewed (Easterling et al., 2000; Hughes, 2000; Walther et al., 2002; Root et al., 2003; Parmesan, 2006). 
In a meta-analysis of long-term trends in more than 1700 species, Parmesan and Yohe 2003 found that more than half of the species showed significant changes in their phenologies (mean advancement of spring events by 2.3 days per decade), and/ or their distributions (range shift averaging 6.1 km per decade towards the poles) over the past 20 to 140 years. Evidence suggests that in response to environmental change plant populations have shown significant changes in their phenologies, and/ or their distributions, over the past 20 to 140 years (Parmesan and Yohe, 2003). There is also evidence that some plant populations have shifted their ranges to higher latitudes and elevations in order to track climatic changes (Walther et al., 2002; Thuiller et al., 2005).
However, the current rapid increase in atmospheric CO2 concentration is thought to have the potential to drive current environmental changes more quickly than all previous climatic changes (IPCC, 2007), and as such these changes may be at a pace that exceeds the ability of individuals, populations and communities to assimilate them (Root et al., 2003). The role of current and potential responses other than dispersal and migration must therefore be considered when predicting the consequences of changing environmental conditions (Jump and Penuelas, 2005). 

Creating a realistic understanding of population and species persistence in future environments requires knowledge of both current levels of adaptation and future adaptive potential (Davis et al., 2005; Jump and Penuelas, 2005; Reed et al., 2011; Shaw and Etterson, 2012).
Current environmental variation occurs across a range of different temporal and spatial scales. Latitudinal gradients in environmental conditions such as temperature, precipitation, soil nutrient status and grazing pressure, have resulted intraspecific clines in a number of plant traits such as, height (Moles et al., 2009), metabolomic cold tolerance mechanisms (Davey et al., 2008b), reproductive output (De Frenne et al., 2009), growth habit (Gallagher and Leishman, 2012), seed mass (Murray et al., 2004), phenology (Stinchcombe et al., 2004), and chemical defences against herbivory (Moles et al., 2011). Such clines in species functional traits can result in population differentiation. Assessing traits expressed by different populations spanning a variety of environmental conditions provides an opportunity to analyse the relationships between environmental factors and functional traits. This can shed light on the processes underlying adaptation and responses to environmental change. 
Plant performance is largely governed by climate, and since plants are immobile organisms, populations face generations of selection under specific local environmental conditions. This selection may result in genetic differentiation between populations of widespread species subjected to different environmental conditions (Becker et al., 2008; Davey et al., 2008a; Volis, 2011) resulting in local adaptation (Kawecki and Ebert, 2004).   
In addition to evolutionary responses such genetic adaptation, variability can lead to environmentally induced changes in the phenotype of a given individual, a response known as phenotypic plasticity (Bradshaw, 1965). It is thought that this response can also buffer against long-term environmental variation associated with climate change (Nicotra et al., 2010). The expression of plasticity is mediated at the molecular level (Schlichting and Smith, 2002). 
When predicting ecological and evolutionary responses to environmental change the relative importance of plastic, maternal, and genetic contributions to phenotypic variation must be considered. However, unravelling these responses is often not trivial. Gienapp et al., (2008) review several studies that find temporal ecotypic variation in phenotypic traits, claiming to be examples of microevolutionary responses, yet providing no evidence that trait variation has a genetic basis. There is also a relationship between the two responses since plasticity is controlled by genes that determine the responsiveness of phenotypes to environmental cues (Nicotra et al., 2010). Plasticity can therefore alter along an environmental gradient due genetic drift of populations caused by differing selection pressures (Emery et al., 1994). 	
The impacts of both biotic and abiotic environment conditions are ultimately based at the level of the individual. Understanding traits at the individual level provides a basis from which to understand more complex dynamics at the population and community level. Typically studies aim to determine whether differentiation is adaptive by assessing a number of fitness related traits simultaneously (Nagy and Rice, 1997; Galloway and Fenster, 2000; Howe et al., 2003; Franks and Weis, 2008). The analysis of correlated traits is of key importance in predicting evolutionary change since evolution not only operates on individual traits but through their covariance with other traits (Etterson and Shaw, 2001). As well as measuring a number of traits relating to phenology growth, reproduction, this thesis analyses the metabolic profiles of plant species.

[bookmark: _Toc291410029]1.2- A new assessment of climate-plant relationships
[bookmark: _Toc291410030]1.2.1- Metabolomics background
Variation in metabolism underpins plant response to changing environmental conditions, therefore metabolic traits play an important role in a plant’s growth and survival. Studying phenotypic variation and plasticity within populations requires an analysis that can detect changes in plant phenotypes according to environmental stress and individual genotype (Alonso-Blanco and Koornneef, 2000). 
The metabolome is the collection of all metabolites (compounds of low molecular weight) within an organism and represents the ultimate phenotype of cells after the perturbations in gene expression and protein functions caused by the environment or genetic mutations (Fiehn, 2002). Metabolites can be endogenous in origin, synthesized within the cell or organism, or they may be exogenous having been consumed from the external environment (food, nutrients) (Dunn, 2008).
Metabolomics is now a well-established scientific field that studies this metabolome in different organisms using a variety of strategies. Metabolic profiling is the identification and quantification of metabolites present in an organism (Hall, 2006). It is generally only feasible to profile a limited number of components of the metabolome at any one time, since profiling techniques, are designed to investigate only small parts of the metabolome (Halket et al., 2005). This process is typically used in studies that aim to elucidate the effects of biotic and abiotic factors on specific pathways using targeted analytical techniques such as HPLC. 
	When identification of every metabolite is not necessary, the metabolome can also be studied by using an unbiased exploratory process called metabolic fingerprinting. This is the high throughput qualitative screening of the metabolic composition of an organism (Hall, 2006). Generally this process does not aim to identify the metabolites present, instead it is used to provide a much bigger picture of the metabolome enabling it to be employed for discriminating samples based on their origin or their ecological relevance. With this function in mind, metabolic fingerprinting endeavors to be a quick and simple process, though because of this it often lacks specificity (Halket et al., 2005). 

[bookmark: _Toc291410031]1.2.2.- Application to ecological studies
The metabolomic approach has many advantages for studying organism-environment interactions.  Because the collection of all metabolites with an organism represents the ‘ultimate phenotype’ of the plant after genetic and environmental interactions, metabolomic study can be used to determine the relative strength and implications of these interactions. Analysing a snapshot of global metabolism using metabolic fingerprinting tools, rather than focussing on interactions between the environment and one metabolic or phenotypic trait, allows the identification of unexpected metabolite responses and pathway interactions. This can provide new and insightful knowledge to ecological studies. In principle metabolic pathways can be mechanistically related to the plant phenotype, since alterations at the phenotypic level in response to environmental conditions must be preceded by alterations at the metabolic, this approach can therefore be used to infer the impacts on a wide range of traits by analysing only one set of data.

The application of metabolomics to understand the interactions between living organisms and the environment has formed the field of ‘environmental metabolomics’ research.Metabolomic processes have been used to detect phenotypic variability at the metabolic level in response to environmental changes in drought (Bowne et al., 2012), temperature (Gray and Heath, 2005; Guy et al., 2008; Davey et al., 2008b), salinity (Brosché et al., 2005; Zhang et al., 2011), nutrient availability (Hirai et al., 2004; Bölling and Fiehn, 2005), and pollutants (Sun et al., 2010).  Environmental metabolomics has the potential to identify specific metabolites as functional biomarkers for particular environmental stresses, which will allow them to be targeted in future research in different ecosystems (Davey et al., 2008). 

[bookmark: _Toc291410032]1.3- Study System
This research utilises 7 study sites that have been established in Atlantic sand dune annual communities over a latitudinal gradient of 1300km (for details see Methods chapter 2.2.1- Study System ad Species). The north-south transect runs from Norfolk, England to Northern Spain. Sites are 150 km to 300 km apart and incorporate a mean maximum temperature difference of approximately 5° C between the extreme ends of the transect.
	This study system allows the comparison of multiple species growing in a specific habitat type that exists in fragmented pockets along a latitudinal gradient. Plants occupying grey dunes are subjected to a variety of biotic and abiotic features that make this habitat unique. Details of the grey dune habitat will be discussed in the following Methods chapter but briefly these factors comprise, extremely permeable soil type causing nutrient leaching and drought conditions (Rhind et al., 2006), fine scale environmental variation caused by micro-relief (Provoost et al., 2004a), intense rabbit grazing (Rhind et al., 2006), competition between winter annual species and perennial plant species (Pemadasa et al., 1974)(Vergnon et al., in press). 
	The occurrence of this habitat along a latitudinal gradient makes it ideal for studying the influence of environmental variation on plant populations and the potential impacts of climate change.  Latitudinal gradients encompass a variety of large-scale environmental variability, temperature and growing season length decease towards the poles (De Frenne et al., 2013), inter-annual variability and seasonality in precipitation tends to decrease towards the pole in the Northern hemisphere (Pau et al., 2011), while some soil characters such as decomposition rates show similar pattern of decreases towards the Northern pole (Giardina and Ryan, 2000), others such as pH increase (Pärtel, 2002).

[bookmark: _Toc291410033]1.4- Dune annuals
Grey dunes provide habitat for a wide variety of winter annuals which germinate in autumn and flower and seed in the spring, avoiding summer period of drought and utilizing periods of lower temperature. These annuals are particularly well suited for studies aiming to determine plant acclimation and adaption to environmental conditions as they complete their life cycle quickly, and have key life-history traits that are closely tied with abiotic factors, (Pemadasa and Lovell, 1974a). 
The dune annuals Arenaria serpyllifolia (L.), Cerastium diffusum (L.), Erodium cicutarium (L.), Phleum arenarium (L.), Senecio vulgaris (L.), Veronica arvensis (L.) occur at different sites along the transect and were the species studied for this thesis. Species details follow in the following chapter. 
These species predominantly display selfing mating systems, and dispersal is very limited, occurring in the immediate locality of the reproducing adult (Doxford, 2012). This suggests that although these species are not confined to the fragmented grey dune habitat, decreased genetic variation within populations is likely (Hereford, 2010).  

[bookmark: _Toc291410034]1.5- Research aims and outline of thesis 
The overall aim of this thesis is to progress ecological understanding of the mechanisms underpinning plant population responses to environmental variation. To achieve a new perspective, a novel scientific approach, environmental metabolomics, was applied to assess the impacts of environmental change on plants, their populations and their communities. 
Before metabolomic work is undertaken, important insights into the environmental and genetic control of plant phenotypic traits are made. 

Aim 1: To characterise intra-specific trait variability in a community. 
Two generations of multiple populations of five species were grown under controlled environmental conditions in order to minimise the influence of environmental variation on trait differentiation. I measured a variety of traits relating to phenology, productivity and reproductive traits in order to address the following objectives.
· To determine patterns of population variation in the expression of traits
· To assess the basis and control of population trait differentiation

Untargeted metabolic fingerprinting techniques were then applied to assess metabolic variation in these plants that were grown under controlled environmental conditions. 

Aim 2: To define the key metabolic differences between species in the dune annual community.
An initial assessment of metabolic variation within the dune community was made by statistically analysing variation of the metabolic profiles between species, in order to address the following objectives.
· To determine metabolic variation between a number of species
· To define the key compounds relating to metabolic variation in species 

Aim 3: To characterise population differentiation in metabolic traits.
In order to determine the relative importance of phenotypic plasticity and adaptation on plant metabolism multiple populations of five species were grown under controlled environmental conditions in order to minimise the influence of environmental variation on metabolic. Metabolic profiles were statistically analysed in relation to the population of origin of the plant, in order to address the following objectives.
· To determine metabolic variation between the populations of origin in a number of species
· To define the key compounds relating to metabolic variation in populations

Finally, untargeted metabolic fingerprinting techniques are applied to analyse plants growing in their natural habitat.

Aim 4. To characterise how environmental variation over different spatial scales impacts plant metabolism.
Plants (of one species) growing in their natural habitat, located at different sites across Europe were sampled and analysed comparing metabolic variation at different spatial scales, in order to address the following objectives.
· To determine over what spatial scale metabolism between plants is most pronounced.
· To define the key compounds relating to metabolic variation at different spatial scales. 
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[bookmark: _Toc250775660][bookmark: _Toc291410036]2.1- Methods Background
Study of the metabolome requires the analysis of hundreds of thousands of compounds that span a range of structures (Kopka et al., 2004). This has resulted in a huge variety of sampling, extraction, separation and detection techniques aimed at analysing different groups of compounds (Halket et al., 2005; Seger and Sturm, 2007; Kim and Verpoorte, 2010).

[bookmark: _Toc291410037]Sampling
Primary metabolites are those that play a role in a large number of reactions associated with cellular functioning, therefore these metabolites will be of key interest in environmental metabolomic studies as their levels are likely to alter as plants respond to changing environmental conditions. As a consequence of key roles primary metabolites typically have very rapid turnover, metabolites involved in the Calvin cycle have been reported to have a turnover of <1 sec, with some compounds such as NADP being as rapid as 0.01 sec (Arrivault et al., 2009). Quenching of metabolism is therefore one of the most important steps in metabolome analysis to ensure that the resulting ‘snapshot’ of the metabolome is representative of the functioning plant and reproducible between samples. Quenching also acts to inactivate enzymes that degrade metabolites after sampling has occurred (Villas-Bôas et al., 2007). Rapid inactivation of metabolism occurs via rapid alterations in temperature of pH. Plant tissue is typically sampled from the plant and simultaneously placed in a hot (> 80C), cold (< -40C), acidic (pH < 2.0) or alkaline (pH > 10) solution to inactivate cellular metabolism and enzymatic activities within the tissue (Villas-Bôas et al., 2007). 
Biological variability represents a major limitation of the metabolomics approach and this has consequences for the design of environmental metabolomics experiments. Since levels of plant metabolites vary during the day it is essential to consider the timing of sampling. Both primary (Gibon et al., 2006) and secondary metabolites (Urbanczyk-Wochniak et al., 2005) show fluctuating diurnal patterns of concentration in response to varying environmental conditions. As well as temporal metabolic variation, biological variation at different levels of organization within the plant will impact the ‘snapshot’ of metabolism that is gathered. Metabolite content will vary within the plant between different organs and also within the same type of organ, for example between young and old leaves (Kim and Verpoorte, 2010). The impact of biological variation on metabolism continues through levels of organization between different individuals and species, typically studies can minimize this variation by pooling sample, either by analyzing different tissues of the plant within a single sample, or by pooling multiple replicate plants (Sumner et al., 2003)
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The second step of sample preparation prior to analysis is extraction. The aim of extraction is to make the metabolites accessible, methods typically do this by mechanically (grinding) or chemically (use of solvents) disrupting the cell envelope to release intracellular compounds, and also separating low molecular mass compounds from the biological matrix (Villas-Bôas et al., 2007). The vast array of compounds of different concentrations and polarities that make up the metabolome create difficulties at the extraction step. Since no one solvent is capable of dissolving all compounds choosing certain solvents and methods can limit the general view of the metabolome. The advantages and disadvantages as well as the ideal conditions required by different extraction methods are well summarized in Villas-Bôas et al., 2007. Kim & Verpoorte, 2010 neatly present the results from a study testing a series of different solvents of Arabidopsis tissue samples using Principal Componant Analysis. This work indicates that different solvents produce very different metbolic profiles, with compounds such as carbohydrates, amino acids and organic acids being differentially extracted with MeOH-water (1:1) and water solvents compared with Acetone, Aceone-MeOH and acetonitrile solvents. Studies must therefore choose an appropriate combination of solvents that complement the target compounds. 

[bookmark: _Toc250775662][bookmark: _Toc291410039]Mass Spectrometry Analysis
	As well as the associated problems with the extraction procedure, the chemical complexity of the metabolome has led to the creation of a variety of analytical platforms, not one of which is able to detect all metabolites present. Common analytical techniques include: thin-layer chromatography (TLC), gas chromatography (GC), nuclear magnetic resonance (NMR), high-performance liquid chromatography (HPLC),and especially mass spectrometry (MS) by direct-infusion (DIMS) or coupled to chromatographic techniques such as GC (GC-MS), capillary electrophoresis (CE-MS) and liquid chromatography (LC-MS). 
While NMR provides a very competent tool in terms of structural information content and quantitative analysis of metabolomic samples, compound detection within a single sample is limited from one to several dozens, sensitivity is well below that of mass spectrometry (see (Schripsema, 2010) for a review of the application of NMR in plant metabolomics). Mass spectrometry (MS) measurement is the main tool used in metabolomics sue to is chemical selectivity, sensitivity, range of metabolome coverage and relative cost (Bedair and Sumner, 2008). MS coupled with high-resolution separation techniques such as GC, have been widely used for metabolite identification in studies (Fiehn et al., 2000; Scherling et al., 2010; Bowne et al., 2012).
Direct MS allows the high-throughput analysis of complex mixtures of metabolites, providing a sensitive tool used widely for metabolic fingerprinting studies (Goodacre et al., 2002; Davey et al., 2008a; Kunin et al., 2009)As with all metabolomic analysis platforms there are limitations, with DIMS these include, susceptibility to ionization suppression (Bedair and Sumner, 2008).  

[bookmark: _Toc291410040]Data Processing
Mass spectrometry techniques result in spectral profiles that represent the compounds within a sample, separated by their protonated molecular mass. DIMS studies produce spectra that detail the intensity of thousands of ‘features’, defined as atomic masses (recorded as mass to charge (m/z) ratios) that ultimately represent different metabolites (Brown et al., 2009). The enormous data sets created by metabolomic studies require a range of statistical tools to disseminate patterns in the data that describe biology within the system. In line with the key goals of the metabolomic fingerprinting approach, chemometric non-targeted data analysis techniques use raw, binned spectral data with multivariate statistics to identify features (masses) that are statistically significant between two or more sample populations (Xia and Wishart, 2011). These interesting features are then often identified in further analysis steps. 
The first step involves preprocessing, which transforms the complex data sets to improve the data quality allowing a more robust statistical analysis of the data (Enot et al., 2008). Typical processes include spectral alignment and normalisation that adjust values of variables in different samples in order to allow sample comparison, as well as centering and scaling which remove information that is equal in all samples, thus highlighting metabolic differences (Jansen et al., 2010). 

[bookmark: _Toc291410041]Data Analysis
One of the most widely used multivariate analysis techniques is principal component analysis (PCA). This is an unsupervised approach that explains the variation among metabolic features in terms of a set of orthogonal variables, principal components (Sumner et al., 2003; Scott et al., 2010). By looking at all of the metabolic features simultaneously, loss of information is avoided. During the modelling procedure, each metabolic feature forms a point in a multidimensional space; these points are then projected onto a plain based on the principal components. Principal components are ranked by the proportion of the overall data variance they encapsulate, with PC1 summarizing the most prominent pattern in the data (Scott et al., 2010). Plotting the data provides a rapid means of visualizing similarities or differences in the data set lending itself to metabolic fingerprinting analyses. 
Supervised data analysis methods are also regularly employed in metabolomic studies. Orthogonal partial least-square discriminant analysis (OPLS-DA) is associated with PCA, is commonly used for discriminating between groups and is a useful method of determining biomarker candidates, metabolic features of interest (Shiryaeva et al., 2012). OPLS-DA is a prediction and regression method that finds information in the metabolomic features (known as X-variables) that is related to known information, i.e. treatment groups (known as Y-variables). The method uses regression to determine how well X and Y data correlate together, and prediction to determine how well the known information (Y data) is predicted. OPLS-DA improves biological interpretation of metabolomic feature as it discovers systematic variation within the data and ignores variation that is random. OPLS separates data into variation that can be predicted and explained by the Y variables (known as predictive components), and variation that is uncorrelated to Y (orthogonal components). This method results in plots of both scores (overall patterns between samples) and loadings (details of which metabolomic features cause sample patterns) that provide improved visualization of the metabolic patterns relevant to the interest of the particular study. 
Univariate methods such as analysis of variance (ANOVA) and regression methods can also be applied to relate metabolite concentrations with independent experimental variables such as study populations or abiotic conditions (Jansen et al., 2010). The application of univariate analyses to metabolomic data may result in high numbers of false positive (Broadhurst and Kell, 2006). A standard approach to account for these high false positive rate is to correct the p-value (e.g. Bonferroni, FDR). While providing a useful measure of statistical importance, these corrections are associated with a significant loss of statistical power and may result in the loss of true positives (Wheelock and Wheelock, 2013). 
The form and size of metabolomic data sets create many dangers for statistical analysis that should be considered when designing studies. (Broadhurst and Kell, 2006) summarise these problems, which include bias, inadequate sample size, ignorance of Type I statistical errors, choice of inappropriate tests. 

The aim of this chapter is to introduce the study system and species used in this research, detail the specific methods developed to metabolically fingerprint these species, and statistically analysis the data.
[bookmark: _Toc250775663]

[bookmark: _Toc291410042][bookmark: _Toc250775664]2.2- Methods 
[bookmark: _Toc291410043]2.2.1- Study System and Species
[bookmark: _Toc250775665][bookmark: _Toc291410044]Grey dune characteristics 
This research takes an environmental metabolomics approach to improve understanding on the adaptability of plant species occurring in grey dunes to climate change. The vegetation structure of these fixed coastal dunes is typified by an assemblage of carpet forming moss-lichen species such as Hypnum cupressiforme, Racomitrium canescens, Syntrichia ruralis, and Cladonia lichen species, the colouration of which gives these dunes their ‘grey’ characteristic (Rhind et al., 2006). This habitat also supports a high diversity of perennial herbs, grasses and annual species, the latter of which compose 20-40 % of the flora assemblage of sand dunes in Great Britain (Watkinson and Davy, 1985). 
Grey dune habitat can be found in most dune systems in the Atlantic region especially in Portugal, Denmark and the Netherlands (Houston, 2008). This range occurs along a major temperature gradient from southwest to northeast Europe, which also experiences an extensive variation in precipitation (Table 1.1)(Provoost, 2004). Abiotic factors play a large role in determining species composition and performance in this habitat. Regionally, grey dunes are distributed on soils that are extremely permeable and as such experience nutrient leaching and severe drought (Rhind et al., 2006). 
At a local level grey dune is a highly heterogeneous habitat, characterized by fine scale variability in microclimate and soil abiotic factors, which are caused by micro-relief (Provoost et al., 2004a). In most sites there will be differences in the plant communities on north and south facing slopes, some species being generally confined to specific zones (Houston, 2008). Two groups of ecologically related annual species have been described in grey dune habitats, these groups differ in their distribution within the habitat based on their response to topography (Pemadasa et al., 1974). As such the phenology of many dune annuals is closely tied to abiotic factors, with high temperatures and low soil water potentials controlling germination of winter annual species in this habitat (Watkinson and Davy, 1985). Biotic factors are also inherently important in this community as grey dunes are classified as having relatively intense rabbit grazing (Rhind et al., 2006), causing the abundance of annual species is negatively correlated with the total cover of perennial cover (Pemadasa et al., 1974). 
The main threats facing this habitat include; decreased grazing pressure and loss of traditional grazing management (causes loss of heterogeneity at local and landscape level, loss of species diversity); nitrogen deposition (causes expansion of common grassland species into the habitat and moss encroachment); coastal erosion (causes habitat fragmentation and direct loss), human activities (in the form of land usage, tree plantations, urbanisation)(Houston, 2008). 


[image: ]
Fig 2.1. Diagram indicating the location of field sites. 
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Table 2.1. Location of field sites studied with a summary of climate, topography and grazing intensity. Mean annual rainfall and temperature values are given for the study period 2008-2011. Grazing intensity represents counts of rabbit fecal pellets per m2. Mean values (± SD) for slope, moss & lichen cover and depth, and grazing intensities are based on m2 quadrat surveys (n=145-302; Ooi et al. unpublished data)
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[bookmark: _Toc291410045]Species 
Grey dunes provide habitat for a wide variety of winter annuals that germinate in autumn and flower and seed in the spring, avoiding period of drought and utilizing periods of lower temperature. These annuals show sensitivity to environmental variation (climate and soil nutrient content) at both the individual and population level (Pemadasa and Lovell, 1974a; Pemadasa and Lovell, 1974c; Freckleton and Watkinson, 2002)
The dune annuals Arenaria serpyllifolia (L.), Cerastium diffusum (L.), Erodium cicutarium (L.), Phleum arenarium (L.), Senecio vulgaris (L.), Veronica arvensis (L.) occur at different sites along the study transect and were the species studied for this thesis.
Arenaria serpyllifolia (Fig. 2.2) and Cerastium diffusum (Fig. 2.3), both belong to the Caryophyllaceae family, typical characteristics both of these species share include white flowers, undivided and opposite leaves and capsule-type fruit that contain many seeds. The leaves of Erodium cicutarium (Fig. 2.4) form a flat basal rosette with pinnately cleft leaflets, and while usually annual is occasionally biennial. As well as having particularly large rooting depth (~16cm) (Salisbury, 1952), Erodium has large seeds relative to other dune species (2.3mg, forty times larger than Arenaria serpyllifolia)(Rees, 1995). Phleum arenarium (Fig. 2.5) is the only grass included in this study. This species is known to show phenotypic plasticity in a number of traits including height, number of tillers and number of spikelets per inflorescence (Ernst and Malloch, 1994). In the dune habitat this species is selectively grazed by rabbits which stimulates the formation of new tillers (Ernst and Malloch, 1994) studies have also shown that P. arenarium is highly competitive relative to other annual species (Mack and Harper, 1977). While forming part of the dune annual community Senecio vulgaris (Fig. 2.6) is also a ubiquitous weed found in a variety of habitats across Europe, North and South America, Africa and Asia (Barney and Ditommaso, 2003). Abiotic factors such as temperature and soil nutrient availability are known to impact seed dormancy in this species via maternal environmental effects (Aarssen and Burton, 1990; Figueroa et al., 2010). Veronica arvensis is an upright clumping annual belonging to the Scrophulariaceae family  (Fig. 2.7)
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Figure 2.2. Drawing of Arenaria serpyllifolia (L.). A, plant; B, bract; C, flower; D, petal; E, stamen; F, capsule; G, seed (Butcher, 1961). 
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Figure 2.3. Drawing of Cerastium diffusum (L.). A, bract; B, sepal; C, petal; D, pistil; E, capsule; F, seed. (Butcher, 1961)
[image: ]
Figure 2.4. Drawing of Erodium cicutarium (L.). A, calyx; B, petals; C, stamen; D, staminodes; E, fruit; F, seed (ventral and lateral views). (Butcher, 1961)

[image: ]
Figure 2.5. Drawing of Phleum arenarium (L.). A, spikelet; B, lemma; C, palea; D, flower; E, ligule; F, seed. (Butcher, 1961)
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Figure 2.6. Drawing of Senecio vulgaris (L.). A, flower-head; B, floret; C, phyllaries; D, achene. (Butcher, 1961)
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Figure 2.7. Drawing of Veronica arvensis (L.). A, calyx; B, flower; C, capsule; D, seed (ventral and lateral views)(Butcher, 1961)

[bookmark: _Toc291410046][bookmark: _Toc250775668]2.2.2- Details of Controlled Growth Experiment
Chapters 3,4, and 5 use data from plants grown in one experiment under controlled environmental conditions. Details generic to all three chapters are listed below

[bookmark: _Toc291410047]Study Species
Five species of winter annual were used in this experiment, Arenaria serpyllifolia, Cerastium diffusum, Phleum arenarium, Senecio vulgaris and Veronica arevensis. Two generations of each species were grown concurrently during this experiment. F1 generation seed were collected from study sites along the Atlantic coast of Europe in the spring of 2009 from a pool of at least 20 mothers. These seed were grown in experimental conditions detailed below for one generation, seed collected from these plants constituted the F2 generation.

A phylogenetic tree (Fig. 2.8.) was created to assess the known relationships between the study species using the online phylogenetic query tool Phylomatic (http://www.phylodiversity.net/phylomatic)(Webb and Donoghue, 2005). A list of taxa with family and genus information was uploaded and matched against the most resolved taxa position on an internal ‘megatree’.  This reference megatree for seed plants was based on the Angiosperm Phylogeny Group (APG) base tree at APweb (http://www.mobot.org/MOBOT/research/APweb/), (Stevens P F, 2011). The output was a newick tree raitaining the relationship of APGIII families, without branch length. Subsequently the cut-down version of the megatree was uploaded into the online tool Phylocom 4.2 (http://phylodiversity.net/phylocom/)(Webb et al., 2008). This tool uses the Bladj algorithm to calibrate the internal nodes of phylogenetic trees based on ages, resulting in branch lengths that correspond to the evolutionary divergence time. Output was finally plotted using R software. 
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Fig. 2.8. Phylogenetic summary of species, branch lengths correspond to the evolutionary divergence time.












[bookmark: _Toc291410048]Experimental Design
Assessing phenotypic metabolic variability of multiple populations grown under common environmental conditions will indicate whether each species convey interspecific metabolic variation. Removing variation in environmental conditions will indicate that differences in metabolic traits are genetically controlled, potentially inferring adaptation to local conditions of the home population. 
In this experiment Arenaria serpyllifolia, Cerastium diffusum, Phleum arenarium, Senecio vulgaris and Veronica arvensis plants from populations in Spain, France and Great Britain were grown in the following conditions. 25 seeds per species x population were sown in Levington M3 compost/sand/vermiculite mixture (2:1:1) within 6 x 6 x 10 cm pots. Three replicate pots per species x population were placed in trays in a controlled-environment growth cabinet. Cabinet conditions were 15°C/10°C temperature cycle, 8/16hour light cycle. Substrate was kept constantly damp by watering from the base of the pot. No additional nutrients were added to the substrate or water. At 5 weeks, when seeds had fully expanded cotyledons, seedlings per species x population replication were thinned to 12 individuals per pot and distributed evenly within a pot.  
Two generations of plants were grown: F1 generation plants were grown from seed taken from field populations and F2 generation plants were grown from seed taken from populations grown under common environmental conditions. Acetate barriers were placed around each pot to ensure that pollen did not transfer between populations. Upon pollen production each pot of the grass P. arenarium was covered with a clear bag to prevent pollen dispersal.


[bookmark: _Toc291410049]2.2.3- Metabolomic Analysis Methods
[bookmark: _Toc291410050]2.2.3.1- Metabolite Sample Harvesting
Controlled Environment Studies (Chapter 4 and 5)
Leaf tissues were sampled at the same life history stage, typically one week after the initiation of flowering in an individual plant. In the grass Phleum arenarium, leaf tissues were sampled one week after the first presence of a bud, and in Arenaria serpyllifolia sampling took place four weeks after time to 50% germination. At least three individuals per pot were sampled, a minimum of 9 plants per population per species. Harvesting was conducted during two hours around the middle of the photoperiod. 
Typically, tissue samples consisted of one leaf of an individual plant. Within each species the choice of sample leaf was standardised by harvesting an average aged leaf, usually from the third node where possible.  For the small leaved species Arenaria serpyllifolia, leaves from a leaf pair were harvested. 

Field Study (Chapter 6)
Harvesting was conducted during two hours around midday. Tissue samples consisted of one leaf of an individual plant taken from the third node where possible.  

Metabolite Quenching
The length of the sample leaf was measured, then the excised from the plant using metal forceps and quickly placed in a 1.5 mL screw cap plastic micro centrifuge tube. Immediately, 0.5 mL of boiling 80 % methanol (~75 C) was added to the tube in order to quench metabolism. Tubes were then placed in a water bath (created by boiling a pan of water on a camping stove) for three minutes to ensure methanol reached boiling point. 
In the controlled environmental studies, tubes were then placed in a micro centrifuge box and stored in a freezer (-80 C).
In the field study, tubes were then places in a micro centrifuge box and kept cool in a freezer (-20 C).  Samples were sealed and secured before shipment by courier to the laboratory in Sheffield where the samples were placed in a freezer (-80 C).
[bookmark: _Toc250775669]
[bookmark: _Toc291410051]2.2.3.2- Metabolite Extraction
Metabolites were extracted using a bi-phasic solvent system adapted from Stitt, Mieskes, Soling, & Heldt, 1982. First, the 0.5 mL of methanol used in the sampling protocol was removed and placed into a 2 mL plastic eppendorf tube. Leaf tissue samples were left intact and not ground (See Supplementary Information). 300 L of cold extraction solvent (Methanol: Water: Chloroform, 2.5:1:1) was added to the sample, tubes were vortexed and left on ice for 30 minutes with occasional shaking. This supernatant was then removed and added to the previous supernatant for the respective sample. This was repeated once more and then again using 600 L chloroform as the extraction solvent. 130 L of cold distilled water was then added to the supernatant tube, tubes were then centrifuged for 3 minutes at 13,000 rpm to separate the polar and nonpolar phases. Phases were removed into separate pre-labelled and chilled eppendorfs and stored at -80C. Sample tubes containing the remaining leaf tissue were placed in an oven at 50 C for 3 hours until tissue was dry. The tissue was then weighed to determine dry weight. This dry weight data was then used to calculate dilutions for each sample in order to standardise the concentration of extracts across all samples.

[bookmark: _Toc250775670][bookmark: _Toc291410052]2.2.3.3- Mass Spectrometry Analysis 
	In the majority of experiments the aqueous methanol extract was analysed using Direct Injection Mass Spectrometry. This methanol extraction contains mainly polar metabolites, namely carbohydrates, amino acids and phenolics. Typical parameters for  mass spectrometer used are listed below, alterations to this are noted with the relevant chapter. 	

[bookmark: _Toc250770574][bookmark: _Toc250771173][bookmark: _Toc250771453][bookmark: _Toc250772112][bookmark: _Toc250775671][bookmark: _Toc250770575][bookmark: _Toc250771174][bookmark: _Toc250771454][bookmark: _Toc250772113][bookmark: _Toc250775672]Electrospray ionisation- Time of flight- Mass spectrometry (ESI-Qq-TOF-MS) QSTAR.
The aqueous methanol phase was directly infused into a Hybrid Quadrupole-TOF LC/MS/MS Mass Spectrometer (Applied Biosystems Sciex Instruments) via a HP1090 Hewlett Packard HPLC autosampler. The HP1090 injected 25L of sample at a rate of 0.02mL/min. Scan parameters were set to run for the duration of the injection, positive TOF MS scan type, with Multi Channel Analysis (MCA) settings, mass range 50-1000. Unless otherwise state samples were run in triplicate to allow for instrument error. 

[bookmark: _Toc250775673][bookmark: _Toc291410053]2.2.3.4- Metabolomic Data Analysis
Binning
	Peak data from the mass spectrometer was binned at 0.2 Da using in house excel macro as described in (Overy et al., 2005).  Running the samples in triplicate, and combining the three spectra to select masses present in all technical replicates reduced background noise. Masses were selected if the variance between the three replicates fell within the accepted range based on the following equations: positive ionisation mode, y <0.00003x + 0.0022; negative ionisation mode, y <0.00003x + 0.0044, where y is the standard deviation of the three replicate masses and x is the mean of the three masses. Following this step the mean mass across the three analytical replicate is calculated.

Principal Component Analysis (PCA)
In this thesis percent Total Ion Count (% TIC) data for each bin of each sample was analysed by Principal Component Analysis using Simca-P (Version 12, Umetrics, Sweden) software. % TIC data normalises data to allow comparison between samples. Data were pareto scaled within Simca-P to reduce the potentially biasing influence of larger spectral masses. The parameters of the model were assessed to determine whether the principal components (PC) created were informative and meaningful. R2 values representing how well the data fit the model, Simca-P also runs cross validation tests when creating a model and deems a PC to be significant if the inclusion of that PC in the model reduces predictive error in the cross validation step (Scott et al., 2010). PCs that did not meet these requirements were considered these to represent noise in the data. Score plots were created to visualise sample difference along significant components. Loadings plots were analysed to identify the masses most responsible for causing the differences seen in the score plots.
 	‘Contribution of scores’ plots were created to visualise how masses varied along particular components. The contribution plot displays the differences (in scaled units) between masses of a chosen species and the masses of the other species, weighted according to the principal component (or combination of components) that was associated with separating the chosen species samples. 

OPLS-DA analysis
	This analysis was applied to aid selection of metabolite biomarkers, and was most useful in comparisons between two groups of samples. Average ion count data for each mass bin was pareto scaled and normalised against the total number of counts detected for that bin across all samples analysed. Model parameters R2X and Q2 were checked to determine the quality of the model. R2X(cum) referred to the fit of the model, how much of the metabolic variation could be explained by the modelled predictive component. Q2(cum) explained the goodness of the prediction of the model. High values for these parameters indicate a strong separation of samples between the experimental variable. Scores relating to metabolic variation correlating with experimental variable were visualised using S-plots to extract putative biomarkers. S-plots combine modelled covariance and modelled correlation of the OPLS-DA model in the form of a scatter plot. P[1]-axis describes the magnitude of each metabolic feature while p(corr)[1] represents the reliability of each feature. Metabolic features with high magnitude and high reliability (bottom left and top right of plot) represent ideal biomarkers as these parameters imply a smaller risk of spurious correlations between metabolite feature and environmental variable.  

Univariate Analysis
The above, unsupervised techniques provide a qualitative assessment of the data, in order to determine the statistical significance of the metabolic differences between samples, analysis of variance (ANOVA) was used. This was applied to determine the statistical differences in metabolite concentration between different experimental variables in order to identify metabolite biomarkers. ANOVA relates the concentration of the metabolite bin (the dependent variable) with independent experimental variables. In this thesis independent variables were species, populations, generations, field site grown (Jansen et al., 2010). 
Average ion count data for each mass bin was pareto scaled and normalised against the total number of counts detected for that bin across all samples analysed. False Detection Rate corrections of p-values were determined alongside ANOVA raw p-value. An FDR p-value below 0.05 was considered statistically significant. Because of a tendancy for these corrections to loose true positive results, mass bins with an FDR p-value over 0.05 were sometimes considered for further biomarker analysis. Mass bin values were ordered according to the size of the p-value, masses with the smallest p-values were regarded as being most affected by the relevant factor. 






Putative Identification
Putative identifications were based upon the average of the accurate masses detected within a bin of interest, across the species that bin corresponds to. When variance, measured as standard deviation, was greater than 0.05, the list of accurate masses was consulted to determine whether the bin contained two peaks. In cases such as this, the accurate masses were split into groups and the average of each calculated. Putative identifications based on these averages of accurate masses detected were assigned compound names from KEGG compound (Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/kegg/) using in-house software (excel macro) and an online database MZedDB (http://maltese.dbs.aber.ac.uk:8888/hrmet/index.html) produced by the Aberystwyth University High Resolution Mass Spectrometry Laboratory. Compounds were considered a match based upon the similarity between accurate masses and there previous detection within plant samples.

Metabolite Mapping
1) MetaboAnalyst
Further to the ontology analysis putative identifications were analysed using MetaboAnalyst (www.metaboanalyst.ca)(Xia and Wishart, 2011) functional interpretation tools, to detect potential key pathways that were up-regulated or down-regulated in different sample classes. Metabolic pathway analysis on MetaboAnalyst facilitates the understanding of complex relationships between metabolites studied by combining visualization maps and more quantitative statistical analysis such as multiple ANOVAs. The metabolic pathways used in MetaboAnalyst were obtained from the KEGG database and presented as networks of chemical compounds with metabolites as nodes and reactions as edges (Xia and Wishart, 2011). The importance of metabolites within these networks is displayed and calculated by a centrality measure. 

2) PlantCyc - OMICS viewer	
	Another online portal used for visualising key differences in the global metabolome was PlantCyc (www.plantcyc.org)(Zhang et al., 2010). This portal provides a cellular overview of Arabidopsis thaliana, onto which metabolomic expression data can be overlaid. Uploaded data contained a list of detected compound names and fold change concentration data, calculated from the concentrations of detected mass bins averaged across the compared group. Because this analysis only allows a paired comparison it was only utilised in studies that this type of comparison was appropriate for (Chapter 6). 


To achieve the thesis objective of putatively identifying compounds that show expression variation based on the particular study questions, the implementation of specific statistical and mapping tools varied between chapters. Analysis of the initial PCA model provided information, on model fit and predictive power and visualised the relative strength of variation between the overall metabolism of different plant samples. This information was used to choose further analyses that would provide lists of metabolic features that differed based on the specific samples. No strict rules were applied across all of the studies regarding the required statistical strength of the relationship between the metabolic feature and the known experimental variable. This subjective approach was taken to allow the reporting of all metabolomic variation (both major and minor) that may be relevant to the study question and otherwise overlooked.  


[bookmark: _Toc291410054]Chapter 3- Population Differentiation in Phenotypic Traits

[bookmark: _Toc291410055]3.1 Introduction

As highlighted in Chapter 1, human activities are leading to changes in climatic conditions (IPCC, 2007). There is evidence to suggest that plant populations have significantly changed in their phenological traits, and/ or their distributions, in response to environmental change (Parmesan and Yohe, 2003). However, many species lack long-distance dispersal and consequently migration rates may not be able to keep up with the predicted rapid rate of current environmental change (Davis and Shaw, 2001). The role of responses other than dispersal and migration must therefore be considered when predicting the consequences of changing environmental conditions for plant populations (Jump and Penuelas, 2005). Predicting population and species persistence in future environments requires knowledge of both current levels of adaptation and future adaptive potential (Davis et al., 2005; Jump and Penuelas, 2005; Reed et al., 2011; Shaw and Etterson, 2012).
The role of evolutionary adaptive responses in predicting effects of future climatic changes may have previously been underestimated (Millien et al., 2006; Franks, 2011; Anderson et al., 2012) There is clear evidence that current climate exerts strong selection pressures resulting in population differentiation and local adaptation (Liancourt and Tielborger, 2009; Production et al., 2010). Since plants are immobile organisms, many populations face generations of selection under specific local environmental conditions. This selection may result in genetic differentiation between populations of widespread species subjected to different environmental conditions (Becker et al., 2008; Davey et al., 2008a; Volis, 2011) resulting in local adaptation (Kawecki and Ebert, 2004).   
There are a number of factors that can affect the magnitude of local adaptation (Hereford, 2009). Local adaptation is dependent on the amount of gene flow between populations (low dispersal will promote local adaptation)(Lenormand, 2002), as well as the amount of genetic variation within a population (low genetic variation due to genetic drift can limit adaptation because it is harder for advantageous alleles to reach high frequency)(Linhart and Grant, 1996a). Local adaptation has been reported in response to environmental variation at both small and broad spatial scales (Becker et al., 2006; Davey et al., 2008a; Jongejans et al., 2010; Latimer and Jacobs, 2012). This is typically a reflection of the scale of environmental heterogeneity, both within and between populations (Galloway and Fenster, 2000; Baythavong, 2011). 
Population genetic differentiation in response to differing environmental conditions has been detected in a variety of different traits including, metabolic (Robinson et al., 2007b; Davey et al., 2008b) and growth (Shaver et al., 1979). Plants use environmental cues to initiate flowering, and since this trait is a key determinant of fitness, selection is expected to be strong (Stanton et al., 2000; Ehrlén and Münzbergová, 2009a). The environmental cues such as photoperiod and temperature vary across spatial scales particularly in association with latitude, it is therefore expected that widely distributed species will show genetic differentiation in flowering time (Bradshaw et al., 2004; Haggerty and Galloway, 2011). Indeed, there are a number of studies that report population differentiation in flowering time is genetically determined (Olsson and Agren, 2002; Franke et al., 2006; Leinonen et al., 2011). There is also a growing number of studies that report population differentially express particular genes that play roles in flowering time such as FRIGIDA (FRI) and the phytochrome gene PHYC (Stinchcombe et al., 2004; Samis et al., 2008). There is evidence that temporal changes in climatic conditions can lead to the adaptive evolution of flowering time in just a few generations (Franks et al., 2007). 
In addition to evolutionary responses, variability can lead to environmentally induced changes in the phenotype of a given individual, a response known as phenotypic plasticity (Bradshaw, 1965). It is thought that this response can also buffer against long-term environmental variation associated with climate change (Nicotra et al., 2010).
The expression of plasticity is mediated at the molecular level (Schlichting and Smith, 2002). Abiotic cues such as temperature and light are sensed by environmental signalling pathways that control molecular developmental transformations (Avramov et al., 2007). For example, AGB1 is a plasticity gene that regulates reproductive trait plasticity, mediated by G proteins, in response to environmental cues of drought stress (Nilson and Assmann, 2010).
Plasticity can be observed at all levels of organization within a plant, from physiological and biochemical characteristics of photosynthesis, to anatomy and morphology, to whole organism growth (Colinet et al., 2012). Plasticity may be selectively advantageous if the environment is variable, when gene dispersal distances are smaller than the scale of environmental variation, and if environment cues are reliable (Gianoli, 2004). There is evidence to suggest that global climate change should favour high levels of phenotypic plasticity in plants (Parmesan, 2006). Despite its obvious advantages, a variety of costs associated with plasticity have been theorised; these range from maintenance costs which are the energetic costs relating to the sensory and regulatory pathways required to accurately assess current environmental conditions, to genetic costs associated with the linkage of plasticity loci and loci that have negative impacts on fitness (Dewitt et al., 1998; Relyea, 2002; Auld et al., 2010). 
Population differentiation in traits can also be generated by differences in the growing conditions experienced by mother plants (Bischoff and Müllerâ-Schärer, 2010). These maternal effects are non-genetic developmental changes in the offspring that result from the environmental conditions experienced by the mother affecting the provisions of the seed (Galloway et al., 2009). Maternal effects typically influence seed based traits such as seed size (Waller, 1982) and germination (Figueroa et al., 2010). Though there are a number of studies that indicate the influence of maternal effects on traits in adults such as leaf length (Schmid and Dolt, 1994), reproductive output (Hayward, 1967) and metabolism (Orians, 2000; Grebenstein et al., 2011). Recent work studying the impacts of environmental variation in a plant guild found that maternal effects were common, producing responses at the population level, highlighting their importance in influencing long-term population growth rate and population stability (Germain and Gilbert, 2014). However, the impact of environmental maternal effects in studies of genetic differentiation between populations is debated (Montague et al., 2008; Bischoff and Müllerâ-Schärer, 2010; Novy et al., 2013).
While responses to environmental change through maternal effects have been documented (Zhang et al., 2012), reviews suggest that maternal effects have the potential to be maladaptive, particularly when anthropogenic activities cause changes in habitats such as increased habitat fragmentation and increased climatic variation which can lead a dichotomy between the environmental cues experienced by the in utero and adult life stages (Visser, 2008; Schuler and Orrock, 2011). The impact of environmental maternal effects in studies of genetic differentiation between populations is debated (Montague et al., 2008; Bischoff and Müllerâ-Schärer, 2010; Novy et al., 2013), but it is clear they are often ignored (Bischoff and Müllerâ-Schärer, 2010).

	When predicting ecological and evolutionary responses to environmental change the relative importance of plastic, maternal, and genetic contributions to phenotypic variation must be considered. However, unravelling these responses is often not trivial. Gienapp et al., (2008) review several studies that find temporal ecotypic variation in phenotypic traits, claiming to be examples of microevolutionary responses, yet providing no evidence that trait variation has a genetic basis. There is also a relationship between the two responses since plasticity is controlled by genes that determine the responsiveness of phenotypes to environmental cues (Nicotra et al., 2010). Plasticity can therefore alter along an environmental gradient due genetic drift of populations caused by differing selection pressures (Emery et al., 1994). Studies growing individuals from multiple populations in common environments, allows the inference of the genetic heritable basis of plant traits. Plasticity in response to variable growing conditions can mask genetically based trait expression, controlling conditions minimizes the impact of plasticity.
	

While many studies have assessed population differentiation in a number of plant traits simultaneously, work understanding the nuances of this between species within a community is lacking. There are also few studies that assess environmental maternal effects compared with genetic differentiation among populations.  In this chapter I assess the patterns and basis of population variation in phenological, reproductive and growth traits. I measure traits of five dune annual species growing under controlled environmental conditions to remove environmental impacts on traits. Specifically I address the following questions: 1. Can I detect population differentiation in trait values in traits associated with phenology, reproduction and plant growth across a number of species? 2. What is the basis of any observed population differentiation: genetic adaptation, maternal effects or phenotypic plasticity? 3. Are patterns of population differentiation associated with latitudinal trends? 

[bookmark: _Toc291410056]3.2 Methods
See “2.2.2- Details of Controlled Growth Experiment” for details of study species and experimental design, including growing conditions. 
Briefly, five species of winter annual were used in this experiment, Arenaria serpyllifolia, Cerastium diffusum, Phleum arenarium, Senecio vulgaris and Veronica arevensis. The experimental setup was designed to assess trait variability of multiple populations grown under common environmental conditions. Removing variation in environmental conditions will indicate that differences in traits are genetically controlled, potentially inferring adaptation to local conditions of the home population. 
 To determine the strength of population genetic differentiation and discount maternal effects as the controller of population variation in phenotypes, two generations of plants grown under identical conditions were used. Population variation maintained in the phenotypes of F2 plants is determined to indicate strong genetic differentiation, while a decrease in population variation between generations indicates the expression of mothering effect plasticity.   

[bookmark: _Toc291410057]Data Collection
Time of first flowering was defined as the number of days from sowing to presence of first fully opened flower. Upon death, the number of ripe fruit produced by each plant was counted and used as a measure of reproductive output. Allocation of seed was measured as number of seed produced by one fruit, taken from a subset of around 18 different plants. Total seed production of the plant was estimated by multiplying the number of fruit produced per plant by the average number of seed produced per fruit in each pot. Height at maturity (final height) was recorded when all fruit had matured. At senescence, dead plants were stored in individual envelopes and put in a drying oven (40 °C) for 24 hours before being weighed to calculate dry weight.


[bookmark: _Toc291410058]Statistical Analyses
Average trait values per pot were log transformed for graphical displays and analysis. To determine population and generational differences in trait values the data were analysed using Analysis of Variance (ANOVA) in R (The R Foundation for Statistical Computing, 2012). An error term for Block was included in the analysis, this determined whether there was an effect of experimental set up associated with allocation of population pots to watering trays. A separate analysis was performed for each of the five species included in the experiment. The proportion of seed germinated was analysed using Generalized Linear Models with binomial errors. A significant generation X population interaction was deemed to indicate contribution of maternal effects to population differentiation. . 
	Alongside generation X population interactions in trait ANOVAs, coefficients of variation (CV) among populations were calculated to determine the impacts of maternal effects (Bischoff and Müllerâ-Schärer, 2010). CV among populations is expected to decrease from F1 to the F2 generation if maternal effects are contributing to population differentiation under controlled environmental conditions. To determine latitudinal trends in trait values across all species, deviation from the average population value was calculated for each trait separately. The mean trait values of each population replicate were scaled then averaged for all species according to population. The data is graphically presented to clearly show population traits deviating from the average, 0.  
	

[bookmark: _Toc291410059]3.3 Results
[bookmark: _Toc291410060]Population Differentiation
Population differentiation in traits can be generated by differences in the growing conditions experienced by mother plants (Bischoff and Müllerâ-Schärer, 2010). Population differentiation was measured in the F2 generation, therefore differences in traits between populations are more likely to be attributed to genetic differences rather than maternal effects. 
In this study 5 dune annual species originating from a number of European populations were measured in 6 traits including flowering time, reproductive output, dry weight and final height. In all of the species studied, measurements of these traits revealed phenotypic differences between plants originating from different populations.
The phenological trait flowering time was significantly different between populations in all five species (Table 3.1.a.). Populations of C. diffusum, S. vulgaris and V. arvensis showed strong trends for flowering was earliest in southern populations with later flowering occurring moving northwards (Fig. 3.1.). The most marked difference between population flowering times was found in C. diffusum, with Sp2 population flowering on average 56.42 days earlier than the most northern population GB2.
Reproductive output showed different patterns of population differentiation depending on the species (Table. 3.1. b, c, d). The most statistically significant differences between populations were found in C. diffusum (Table 3.1.d), where seed production (seed produced per plant) was lowest in northern populations (GB1: 100 seeds) and increased as populations moved southwards (SP2: 301.15 seeds)(Fig. 3.1). A reversal of this latitudinal pattern was observed in P. arenarium, as northern populations produced more seed per plant than southern populations (Fig. 3.1). Seed production (seed per plant) in S. vulgaris and V. arvensis showed no statistical differences due to population origin (Table 3.1.d).
Productivity in terms of final plant height significantly differed between populations of all the species (Table. 3.1.f.). Generally, populations in the north were shorter than populations growing at more southern latitudes (Fig. 3.1). The largest difference in plant height between populations was 105.7mm, between Fr2 (taller) and Fr4 (shorter) populations of P. arenarium. V. arvensis populations showed the clearest latitudinal trends in plant height, this trait increased as populations moved southwards from GB2 population to Fr1 population. Only in C. diffusum and P. arenarium did dry weight significantly differ between populations (Table. 3.1.e.).  P. arenarium showed strong latitudinal trends for decreasing dry weight as populations moved further south (Fig. 3.1), this pattern inversely matched the trend seen in final height measurements.
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Fig. 3.1. Trait values of F2 generation plants averaged for each population of origin, populations are displayed left to right in relation to their latitude from North to South. Measured traits include flowering time, number of ripe fruit, number of seed per fruit, number of seed per plant, dry weight and final height.
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Table 3.1.  Table of analysis of variance testing the effect of population on a. flowering time, b. number of ripe fruit, c. number of seed produced per fruit, d. number of seed produced per plant, e. dry weight and f. final height. Analyses are list for each of the five species and were performed on samples from the F2 generation only.
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Table 3.1. Continued.
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[bookmark: _Toc291410061]Inter-generation variation
Population differentiation was maintained in the between the F1 and F2 generation (as indicated by significant effect of population and no effect of generation or significant interaction)(Table 3.2). In both A. serpyllifolia and C. diffusum this occurs in four of the six traits analysed with reproductive output and productivity traits being particularly affected in the respective species. This population differentiation maintenance is also seen in the flowering time and final height of V. arvensis as well as the number of ripe fruit in S. vulgaris. None of the traits in P. arenarium showed similar values in both generations, however the same pattern of population differentiation in flowering time was maintained in the F2 generation at different levels, in all populations the F2 generation flowered earlier. 
The differences between generations varied greatly between populations. In seventeen of the species-trait combinations the highly significant generation-by-population interaction indicates a contribution of environmental maternal effects to population differentiation (Table 3.2). Flowering time, number of ripe fruit and seed produced per plant showed significant interactions in three of the five species measured. In P. arenarium, the interaction between population and generation was significant for all traits other than flowering time. The coefficient of variation (CV) decreased between F1 and F2 generations in P. arenarium seed produced per fruit (Table 3.3). In the number of ripe fruit, seed produced per plant, final height and dry weight the significant interaction cannot be explained by a simple reduction in population differentiation from the F1 to the F2 generation. CV did not reduce in these traits, instead the significant generation x population interaction was caused by a change in population ranking (Table 3.3). In all of these traits, values decreased from F1 to F2 generation in all populations except GB2, this population showed increases in trait values between the generations, resulting in a change in population ranking. 







Table 3.2. Summary table of analysis of variance on the contribution of the maternal environment to population differentiation on a number of plant traits in five dune annual species. Refer to appendix for full details.
	Trait
	Predictor
	A. serpyllifolia
	C. diffusum
	P. arenarium
	S. vulgaris
	V. arvensis

	Flowering Time
	Generation
	
	***
	**
	
	

	
	Population
	***
	***
	***
	***
	***

	
	Gen * Pop
	***
	***
	
	*
	

	Ripe Fruit
	Generation
	
	
	
	
	*

	
	Population
	**
	
	***
	**
	

	
	Gen * Pop
	
	**
	***
	
	*

	Seed per Plant
	Generation
	
	
	**
	**
	*

	
	Population
	***
	***
	***
	
	

	
	Gen * Pop
	
	**
	***
	*
	

	Seed per Fruit
	Generation
	
	
	**
	*
	

	
	Population
	**
	***
	***
	
	

	
	Gen * Pop
	
	
	***
	
	

	Final Height
	Generation
	
	
	**
	
	

	
	Population
	**
	**
	***
	
	***

	
	Gen * Pop
	
	
	***
	
	

	Dry Weight
	Generation
	
	
	.
	**
	

	
	Population
	
	**
	**
	
	

	
	Gen * Pop
	*
	
	*
	*
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Table 3.3. Coefficients of variation for the changed in trait values between populations of both F1 and F2 generations for each of the five species. Arrows show an increase (black) or decrease (grey) in CV between the generations. The significance of the population x generation interaction, taken from Table 3.2. is also listed, see appendix for full details of these tests.
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[bookmark: _Toc291410062]Latitudinal gradients
The average trait values of flowering time, seed produced per fruit and final height show strong latitudinal trends (Fig. 3.2, Table 3.4). In none of the traits does trend in latitude significantly differ between the F1 and F2 generation (Table 3.4). Dry weight average trait values do not vary with latitude or generation, however there is a significant interaction between latitude and generation (Table 3.4). The direction of the latitudinal trend changes in the different generations, in F1 generation trait values increase with decreasing latitude, whereas F2 generation plants have dry weights that decrease with decreasing latitude (Fig. 3.2).  
[image: Macintosh HD:Users:Rach:Google Drive:Thesis:c- Chapter 2:d- data:a- final figures and tables:Screen Shot 2014-01-05 at 21.53.26.png][image: ]


Fig. 3.2. Average trait values for all species per population for traits flowering time, flowering height, number of ripe fruit, number of seed per plant, number of seed per fruit, final height, dry weight, for F1 generation (pink line), and b. F2 generation (gold line) plants.

Table 3.4 Analysis of variance of latitude and generation effects on average trait values of five species scaled across sites. 

	Trait
	Predictor
	df
	Deviance
	Residual DF
	Resid. Dev
	P (> Chi)
	

	Flowering Time
	Latitude
	1
	44.2
	44.2
	72.624
	3.26E-14
	***

	
	Generation
	1
	0.02
	0.02
	0.029
	0.864
	

	
	Lat * Gen
	1
	1.05
	1.05
	1.73
	0.191
	

	
	Error
	131
	79.73
	0.61
	
	
	

	Ripe Fruit
	Latitude
	1
	0.15
	0.1513
	0.159
	0.691
	

	
	Generation
	1
	0
	0.0001
	0
	0.994
	

	
	Lat * Gen
	1
	0.36
	0.3584
	0.377
	0.54
	

	
	Error
	131
	124.49
	0.9503
	
	
	

	Seed Per Plant
	Latitude
	1
	2.41
	2.4115
	2.645
	0.106
	

	
	Generation
	1
	0
	0.001
	0.001
	0.974
	

	
	Lat * Gen
	1
	3.16
	3.1568
	3.463
	0.065
	

	
	Error
	1
	2.41
	2.4115
	2.645
	0.106
	

	Seed Per Fruit
	Latitude
	1
	14.27
	14.269
	16.89
	6.94E-05
	***

	
	Generation
	1
	0.01
	0.006
	0.007
	0.934
	

	
	Lat * Gen
	1
	0.06
	0.059
	0.07
	0.791
	

	
	Error
	131
	110.67
	0.845
	
	
	

	Final Height
	Latitude
	1
	15.34
	15.344
	18.613
	3.13E-05
	***

	
	Generation
	1
	0.01
	0.006
	0.008
	0.931
	

	
	Lat * Gen
	1
	1.66
	1.659
	2.012
	0.158
	

	
	Error
	131
	107.99
	0.824
	
	
	

	Dry Weight
	Latitude
	1
	0.24
	0.245
	0.284
	0.59472
	

	
	Generation
	1
	0
	0
	0
	0.991453
	

	
	Lat * Gen
	1
	12.02
	12.016
	13.963
	0.000277
	***

	
	Error
	131
	112.74
	0.861
	
	
	












[bookmark: _Toc291410063]Discussion
This study has shown that overall populations of dune annual species are significantly differentiated in phenology, morphology and reproduction across a latitudinal gradient, and differences are largely maintained between generations. The level of population differentiation depends on the trait measured and species studied, though the timing of flowering and height at flowering shows statistically highly significant differences in all species. The geographical structuring of population differentiation varies among characters. Flowering time, number of seed produced per fruit and final height were correlated with latitude of origin whereas height at flowering, number of ripe fruit, number of seed produced per plant and dry weight showed a more mosaic pattern of variation. The importance of environmental maternal effects was tested by comparing population differentiation in F1 seed directly collected in the field and in F2 seed grown under homogenous conditions. 
  
[bookmark: _Toc291410064]Population variation and latitudinal trends
Phenology
In each of the five species there were statistically highly significant differences in the flowering time between populations. The advanced flowering time in southern populations was observed in both F1 and F2 generations when grown under standardised environmental conditions. Thus, there is likely to be genetic variation between populations in respect to this trait. Similar patterns of population differentiation in flowering between north and south have been documented in both field studies (Montague et al., 2008) and greenhouse experiments (Hauser and Weidema, 2000; Stinchcombe et al., 2004; Volis, 2007; Leinonen et al., 2011). Clines in flowering suggest adaption by natural selection to local environmental conditions. Flowering is expected to occur when environmental conditions are favourable and seeds should have time to mature before unfavourable conditions such as drought or cold temperatures occur. The timing of plant flowering is determined by interactions between the multiple genetic pathways that control development (Stinchcombe et al., 2004); and cues for environmental conditions such as photoperiod (Riihimäki et al., 2005), temperature (Eckhart et al., 2004), water availability (Bennington and McGraw, 1995; Franke et al., 2006) and nutrient level (Stanton et al., 2000). The environmental conditions inducing flowering time will differ along a latitude gradient, therefore it is expected that populations will be adapted to local conditions and express genetic differentiation in flowering time. 
Instead, the results correspond to studies using species of Arabidopsis that indicate while summer annual variants show no latitudinal clines in flowering time, winter annual variants are more likely to flower earlier than the northern ones (Stinchcombe et al., 2004; Riihimäki et al., 2005). Population variation in flowering time of A. lyrata is influenced by environmental factors such as day length and vernalization (the triggering of flowering after young plants are chilled (Riihimäki and Savolainen, 2004). Winter annual species inhabiting the sand dune environment (including a species, Cerastium atrovirens, closely related to Cerastium diffusum) show strong responses in flowering time to variations in temperature and day length regimes (Pemadasa and Lovell, 1974b). The occurrence of clines in flowering time in this study, under common environmental conditions, indicates that winter annuals may express adaptive genetic variation relating to the strength of these environmental factors in their population of origin. However further studies determining changes in flowering time between populations in response to changes in vernalization and day length are required to determine this.

Productivity
Population variation in final height was observed in all species with the exception of S. vulgaris. Variation in height and related productivity traits between populations is common in a number of species with wide distributions (Olsson and Agren, 2002; Production et al., 2010; Breza et al., 2012). As latitude of the origin of populations measured in this study decreased plants grew taller (Fig. 3.1). This pattern follows trends in global vegetation that show steep relationships between latitude and height (Moles et al., 2009). Such patterns in plant growth are likely driven by environmental factors such as temperature and water availability that correlate with latitude. 
Plant height is an important trait that plays a key role in a plant’s ecological strategy. The ability to compete for light is largely determined by plant height, and correlations with other life-history traits such as seed mass, longevity and the number of seeds a plant can produce (Etterson and Shaw, 2001; Sun and Frelich, 2011), which ensures that this trait is central to determining how a species lives, grows and reproduces. 
	One of the most striking features of this study is the vast difference in height achieved in laboratory conditions compared with that of plants growing in the field environment (personal observation). Average height of the grey dune community composing of these five species along with other annuals is around 5cm (Willis 1963, personal observation) Laboratory environmental conditions have resulted in species growing between 20 and 30 times taller. Dune species growing in the field are severely limited by the supply of mineral nutrients (Willis 1963, personal observation), the addition of compost in the substrate mix allowed the plants studied here to reach their full growth potential. This observation highlights that while this study indicates plant height in dune species had a strong genetic basis, environment also exerts strong controls.


Reproductive output
	In this study I observed that reproductive output traits vary significantly between populations depending on the species analysed. The occurrence of population variation in various measures of reproductive output has been demonstrated in both greenhouse (Nicotra et al., 2007; Volis, 2007) and field studies (Galloway and Fenster, 2000; Leinonen et al., 2011; De Frenne et al., 2013). The geographical structuring of reproductive traits between and within species follows patterns in other phenotypes measured in this study, most notably productivity traits. Correlations between trait patterns may indicate a causative relationship, for example flowering time directly influences reproductive output (Fang et al., 2004; Ehrlén and Münzbergová, 2009b). Alternatively correlations may exist as a product of multiple traits being impacted by the same environmental factors such as drought (Volis, 2007) 
The allocation strategy of seed varied between populations and species. This was most notable in P. arenaria, southerly populations Fr1 and Fr2 produced one or two inflorescences that contained hundreds of caryopses, while populations at more northerly latitudes produced up to around 12 inflorescences containing tens of caryopses. These patterns also correlate with height, tall plant populations produce few inflorescences with many caryopses while, and populations producing many inflorescences containing fewer caryopses are shorter. The patterns in population differentiation of these three traits correlate with patterns of grazing intensity along the latitudinal gradient, suggesting that this species has locally adapted morphological and reproductive strategies to reduce the fitness costs of grazing. Descriptive analyses of P. arenaria indicate that grazing stimulates the formation of new and more tillers (Ernst and Malloch, 1994). I suggest that the high grazing intensity at northerly locations has exerted very strong selection pressures, resulting in genetic traits expressing increased tiller/inflorescence production becoming fixed within the population

[bookmark: _Toc291410065]Inter-generation variation
Population variation in trait values was largely maintained between the F1 and F2 generation analysed. This maintenance in the absence of the influence of differences in environmental factors indicated that traits have a strong genetic basis. 
Traits in certain species showed population-by-generation interactions in trait values.  In some species by trait combinations significant population-by-generation interactions resulted from a change in population ranking. When these interactions are coupled with a result of decreasing CV from F1 to F2 generation it indicates environmental maternal effects are likely to be controlling the expression of these traits (Bischoff and Müllerâ-Schärer, 2010). The size of variation between populations is reduced in the F2 generation because their mothers grew in a homogenous environment, which influenced provisioning to the next generation. 
Maternal effects typically influence seed based traits such as seed size (Waller, 1982) and germination (Figueroa et al., 2010). Though there are a number of studies that indicate the influence of maternal effects on traits in adults such as leaf length (Schmid and Dolt, 1994), reproductive output (Hayward, 1967) and metabolism (Orians, 2000; Grebenstein et al., 2011). Our research finds trait patterns that can be indicative of maternal effects, this supports suggestions by Bischoff & Müllerâ-Schärer that many more studies of genetic and environmental effects on plant traits need to account for maternal effects in their experimental design or in the analysis of the data. 


[bookmark: _Toc291410066]Chapter 4- Metabolic variation in dune species

[bookmark: _Toc291410067]4.1- Introduction
The focus of this thesis is to understand how plants respond to environmental variation. Responses mediated via phenotypic plasticity and adaptive genetic evolution will be expressed in plant traits at the individual (e.g. phenology, growth) and molecular level (e.g. genetic, metabolomic). Chapter 3 studies the relative importance of adaptive plasticity and local adaptation while focussing on individual level traits. Under controlled environmental growth conditions, strong ecotypic differentiation can be viewed in traits such as flowering time. Chapter 5 focuses on assessing whether plant biochemistry shows similar patterns of ecotypic variation. Before applying the metabolomics approach to address the influence of plasticity and adaptive genetic control on biochemical traits it is first important to introduce the application of this method in this study system. 
During their life-time plants are typically rooted in one location and cannot simply move location to escape unfavourable environmental changes relating to factors such as temperature, drought, light intensity, mineral nutrition. In order to survive, plants have a capacity to alter the way they express patterns of growth and development, these processes are mediated by metabolites.
Plants exhibit vast biochemical diversity, particularly in relation to secondary metabolites (compounds that aid plant growth but are not required for the plant to survive). These metabolites have a vast array of functions including defence against herbivores and pathogens (Arany et al., 2005), UV protection, pollinator attractants. 
	Primary metabolism comprises of the network of pathways with roles in energy production, assimilation of nutrients such as nitrogen, formation of precursors for the synthesis of macromolecules. These are essential processes for plant functioning and survival and therefore should considered to be common in all plants. There is however a certain degree of variability in the types of pathway, their relative activity and in the major end-products of carbon and nitrogen assimilation in different species under different environmental conditions (Smirnoff, 1995). 
There are many metabolic traits associated with tolerance and amelioration of environmental stresses. Metabolomic techniques have been used to detect phenotypic variability at the metabolic level in response to environmental changes in drought (Warren et al., 2011; Bowne et al., 2012; Sanchez et al., 2012) , temperature (Gray and Heath, 2005; Guy et al., 2008; Davey et al., 2008b),  salinity (Brosché et al., 2005; Zhang et al., 2011) , nutrient availability (Hirai et al., 2004; Bölling and Fiehn, 2005), and pollutants (Sun et al., 2010). These studies highlight the importance alterations of plant metabolism, both in relation to flux through pathways and the production of end-products, in relation to improved performance and survival.

This thesis aims to determine metabolite this kind of metabolic variation in relation to plant-environment interactions, however the role of phylogenetic constraints to variation must first be considered. Compounds, typically secondary metabolites can show strong associations with particular genera or families (Metlen et al., 2009). Diversity in the expression of compounds may exist because the same function can be fulfilled by different compounds. 
Studies employing metabolomic techniques to address questions about the organisation of plant communities remain rare. Scherling et al. (2010) analysed the physiological responses of individual plant species to increasing plant diversity. These were documented by employing untargeted metabolic profiling. The study found metabolic response signatures differing between small-statured species and tall-statured species relating to varying levels of species diversity within an experimental plot. The mechanistic basis behind the decreasing performance of small-statured species under treatments of increasing plant diversity was identified by key metabolites indicating C- and N- limitation. 
Abiotic factors such as environmental climatic stresses, resource availability and disturbance, together with biotic factors such as competition and mutualisms, constrain which species and traits can persist in a particular location (Lavorel and Garnier, 2002). Therefore understanding physiological responses to environmental stress and determining the key differences between species in a community can potentially shed new insights into ecological questions relating to community composition.  Analysis of the key metabolic differences between species from the same community is yet to be studied. In this chapter I determine the main metabolic differences between species in a community. I analyse the metabolism of five dune annual species growing under controlled environmental conditions to minimise the impacts of varying environmental conditions on metabolic traits. I address the following questions; 1. Do patterns of metabolic variation between species of the dune annual community? 2. What are the compounds relating to species metabolic variation?


[bookmark: _Toc291410068]4.2- Methods 
[bookmark: _Toc291410069]Experimental Design
See Methods ‘2.2.2- Details of Controlled Growth Experiment’ for details.

[bookmark: _Toc291410070]Study Species
Five species of winter annual were used in this experiment, Arenaria serpyllifolia, Cerastium diffusum, Phleum arenarium, Senecio vulgaris and Veronica arevensis. In this study plants belonging to the F1 generation were sampled for metabolomic analysis. 

[bookmark: _Toc291410071]Study Samples
5 plants were sampled from each replicate pot (3 pots per population per species). Each sample was extracted individually according to protocol in Methods (2.2.3.2 Metabolite Extraction). These were then pooled according to replicate pot, producing 54 analytical samples (18-Arenaria serpyllifolia, 9-Cerastium diffusum, 15-Phleum arenarium, 6-Senecio vulgaris and 6-Veronica arevensis) for mass spectrometry analysis. 
	 
[bookmark: _Toc291410072]Mass Spectrometry Analysis
See Methods ‘2.2.3.3- Mass Spectrometry Analysis’, for details.

[bookmark: _Toc291410073]Data Analysis
See Methods ‘2.2.3.4- Metabolomic Data Analysis’ for details of metabolomic data analysis. In line with the hypothesis of this chapter, during Principal Component Analysis samples were labelled according to species to visualise key metabolomic differences and species was used at the factor when performing analysis of variance on each mass bin. 



[bookmark: _Toc291410074]4.3- Results
Masses detected within the aqueous phase analysed in positive ionisation mode showed separate clustering of each species (Fig. 4.1a, 4.1b). PCA scores plots indicate that V. arvensis and A. serpyllifolia samples both cluster away from other species along PC2 and PC1 respectively (Fig. 4.1a). S. vulgaris and C. diffusum cluster along PC3 and PC4 respectively, while P. arenarium clusters between these two components (Fig. 4.1b). The first axis PC1 explains 24.1% of the variance and separated A. serpyllifolia from the rest of the species. PC2 explains 14.1% separating V. arvensis, while PC3 explains 10.7% and separated S. vulgaris. PC4 explains 10.2% and separates P. arenarium. An alternative view of these species clusters is presented in dendogram format in Figure 4.2.a. The measures of similarity (based on Euclidean distance) indicate that metabolism in A. serpyllifolia is the most distinctive when compared with the other four species. And as Fig 4.1.a. shows, the metabolic profile of P. arenarium and C. diffusum share a number of similarities as they cluster closely together (Fig 4.2.a.).
[image: ]
Fig. 4.1. Analysis of m/z values (binned to 0.2 Da) obtained by metabolic fingerprinting of five species, of Arenaria serpyllifolia (red triangles), Cerastium diffusum (blue squares), Phleum arenarium (green stars), Senecio vulgaris (purple diamonds) and Veronica arvensis (orange crosses). Data from principal component analysis is expressed in score plot form showing data spread along PC1 and PC2 (Fig. 4.1.a) and PC3 and PC4 (Fig. 4.1.b)(percent of the variation of the data explained by each component is provided). 
[image: ]
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Fig 4.2. Score contribution plots relating to principal component analysis of m/z values (binned to 0.2 Da) obtained by DIMs of aqueous phase. Plots indicate which bins are in high abundance (more positive) and low abundance (more negative) in a. Arenaria serpyllifolia, b. Cerastium diffusum, c. Phleum arenarium, d. Senecio vulgaris and e. Veronica arvensis along the principal components shown to correspond to species separation (Fig 4.1.a and b). Note differences in x-axis scale.







The scores contribution plots (that correspond directly to the PCA plots shown in Fig 4.1.) indicate which bins are in high abundance (more positive) and low abundance (more negative) for each species (clustering along different PC axes) in relation to all other samples analysed (Fig. 4.2.a-e). In all species, except C. diffusum, there are a number of bins with large positive score contributions, these key bins are present in the respective species in large quantities (Fig. 4.2.a-e). The mass bin 352.2 is found in large quantities in S. vulgaris (Fig. 4.2.d) and low quantities in C. diffusum and P. arenarium (Fig. 4.2.b and 4.2.c). C. diffusum and V. arvensis are typified by large quantities of low-mid range masses (between 150 and 200 m/z)(Fig. 4.3.b and 4.3.e), while P. arenarium samples have high quantities of masses in the high range (>500 m/z)(Fig. 4.2.d).
There were 523 bins (0.2 Da range bins) that had significantly different average ion counts between all species, with a P value below 0.05 (FDR corrected p-value). Tukey tests were then applied and bins subset according to whether multi-species comparisons showed that the bin value for one species was higher than the other four species. V. arvensis had the most uniquely higher bins, 222; 70, 51, 38 and 43 bins were uniquely higher in P. arenarium, S. vulgaris, C. diffusum and A. serpyllifolia respectively. 
The list of significantly different bins according to species was combined with the list of masses positively contributing to species separation in PCA. Putative identifications of these compounds specifically expressed in each species were calculated based on the average accurate mass detected within each bin for the species of interest. 
Three mass bins positively expressed in S. vulgaris, 336.2, 350.2 and 352.2 (Table 4.1.) were putatively identified as pyrrolizidine alkaloids, senecione, riddelline and retrorsine, which are toxic compounds that function to protect against grazing and naturally occur in the genus Senecio (Waterman, 1993). 
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Table 4.1. Summary of putative identifications for mass bin values that positively and negatively contribute to species separation as shown in Fig 4.1. Putative identifications are based on accurate mass, calculated as mass values falling within a bin, averaged according to species of interest. Identifications highlighted here are chosen based on similarity to the average mass value and known occurrence in plants.
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Table 4.1. Continued
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Putative identifications of all of the bins found using ANOVA to show an effect of species, along with average count data were uploaded to MetaboAnalyst to identify species-specific up-regulation of metabolite pathways (Table 4.2.).  
Compounds responsible for causing species-specific metabolic patterns in C. diffusum most frequently mapped onto pathways relating to carbohydrate metabolism (4 out of 5 pathways featured in Table 4.2.). While pathways relating to amino acid metabolism typically summarised the compounds positively discriminating V. arvensis (3 out of 5 pathways featured in Table 4.2.). Phleum arenarium was the only species in which it’s discriminatory metabolites mapped onto pathways involved in terpene and polyketoid metabolism, e.g. zeatin biosynthesis and terpenoid backbone biosynthesis (Table 4.2.). 
The compounds discovered to be causing the overriding species-specific patterns in metabolism did show some similarities between species. For example, some of the compounds relating to the metabolic discrimination of A. serpyllifolia mapped onto the pathway arginine and proline metabolism (Table 4.2.), compounds relating to P. arenarium and V. arvensis also mapped onto this pathway. Other instances of shared pathways include alanine, aspartate and glutamate metabolism discriminating both A. serpyllifolia and V. arvensis, and amino sugar metabolism discriminating both C. diffusum and P. arenarium.
The lists of discriminatory compounds that could not be mapped using MetabAnalyst were then consulted to determine any further patterns in metabolism. The putative identifications of four mass bins, 385.2, 371.2, 355.2, 339.2, found in significantly higher concentrations in V. arvensis, included Giberellins (GAs). While prostaglandins were found among the putative identifications of three mass bins 375.4, 391.2, 391.4 that related to metabolism within A. serpyllifolia.  	 
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Table 4.2. Pathways of interest based on the most discriminatory mass bins determined by ANOVA. Putative identifications of the accurate mass contained within each mass bin was first determined and then uploaded onto MetabolAnalyst mapping software. [image: ]
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[bookmark: _Toc291410075]4.4- Discussion

[bookmark: _Toc291410076]Overview of Metabolic Differentiation Relating to Species
	Analysis of the aqueous phase of extracts taken from plants grown under common environmental conditions indicates that metabolism varies between species. By analysing the different layers within the multi-dimensional Principal Component Analysis, along with statistically determining species differences by ANOVA, we can determine specific areas of metabolism that differ. The PCA score plots (Fig. 4.1) summarising metabolic relatedness between samples indicates a clear pattern, species differentiation. About 24% of the variation between plant samples explains the separation of A. serpyllifolia from the other species (see PC1, Fig 4.1.a). V. arvensis also shows distinctive differences in metabolism, separating along a principle component explaining 14% of the modelled variation (Fig. 4.1.a). The metabolic variation causing separation of S. vulgaris, C. diffusum and P. arenarium is about 10% (see PC3 and PC4, Fig 4.1.b). 

[bookmark: _Toc291410077]Details of Metabolic Differentiation
Mapping putative identifications of detected compounds indicated that although species are up-regulating different compounds (Table 4.1), there are similarities in the pathways these compounds are related to (Table 4.2). Many of the compounds that could be analysed by MetaboAnalyst mapped onto pathways relating to primary metabolism. For example, the majority of pathways showing compounds up-regulated in C. diffusum, are involved in carbohydrate metabolism, and the identified pathways for V. arvensis are associated with amino acid metabolism. Primary metabolism, involving the assimilation of carbon and nitrogen, will show basic similarities across all species because these are essential functions enabling plants to live and grow. Species differentiation of compounds within these essential pathways may be indicating that species express different fluxes through these pathways. A. serpyllifolia, P. arenarium and V. arvensis all up-regulate different compounds that function in arginine and proline metabolism, however the metabolite mass bins arginine and proline would be detected within (m/z values of 175.2, 197.2, 213 for arginine, 116, 138, 154 for proline), show no statistically significant up-regulation in these species. 
A number of compounds causing positive discrimination of V. arvensis were putatively identified as Gibberellins (Table 4.1). Gibberellins (GAs) are a group of terpenes that typically act as growth promotors and regulators (Yamaguchi, 2006; Parsons et al., 2013). Abiotic factors such as low temperature, salt stress, and high temperature are known to cause differential expression of gibberellin oxidase genes that encode gibberellin compounds (Dai et al., 2012). Investigations of plants with impaired GA production indicate that gibberellins play a role in initiating flowering (Wilson et al., 1992). In V. arvensis, leaf samples for metabolomic analysis were collected one week after initial flowering. Analysis of height of these plants in the previous chapter indicates that flowering coincides with a rapid increase in growth in V. arvensis, which may explain why the growth promoting compounds, GAs, positively discriminate this species.  
Many of the important m/z value bins statistically separating Senecio vulgaris from the other species had putative identifications that fell into the class of compounds known at the pyrrolizidine alkaloids (PAs). These secondary compounds are particularly numerous and diverse in the Senecio genus (Langal et al., 2011), and have been widely studied due to their hepatoxic effect on livestock and humans (Macel & Klinkhamer, 2010). Hartmann and Zimmer (Hartmann & Zimmer, 1986) used metabolic techniques to determine the distribution and accumulation of PAs within Senecio vulgaris. While 90% of total alkaloids were found in the flower heads, the main PAs in the leaves were senecionine, followed by seneciphylline, integerrimine, and retrorsine, the masses of both senecionine and retrosine matched masses detected in the leaves of the plants analysed in this study. 
	The putative identification of pyrrolizidine alkaloids up-regulated in S. vulgaris corroborates other evidence that there can be strong phylogenetic constraints on metabolic variation. It has however, been more difficult to attribute metabolic variation in the other species to patterns of relatedness according to their phylogeny (Fig. 2.8.). Generally though, the most related species A. serpyllifolia and C. diffusum (both belonging to the Caryophyllacaea) up-regulate compounds falling mostly into pathways relating to primary metabolism (Table 4.2). While the other three species show up-regulation of compounds and pathways that function within secondary metabolism (P. arenarium expression of terpenoid and zeatine biosynthesis, S. vulgaris expression of PA compounds and V. arvensis expression of Giberrellins).  










[image: ]
Fig 2.8. Phylogenetic summary of species, branch lengths correspond to the evolutionary divergence time (b).



















[bookmark: _Toc291410078]Control of Metabolism
At the most basic level, the expression of metabolites will result from the interplay between genes and the environment. The plants in this study have been grown under standardised, ambient, environmental conditions in order to remove the impact of environment; thus providing an indication that the differential expression of compounds between species has a substantial genetic basis. Metabolomic studies conducted under standardised environmental conditions, such as this, have been used in the past to infer genetic differences between populations of Arabidopsis (Davey et al., 2008b). 
There are however, a number of non-genetic controllers of trait expression that could explain metabolic variation under common environmental conditions such as maternal effects and epigenetic factors. 

	To conclude, the data suggest that these five species that grow together in a habitat, experiencing similar biotic and abiotic stresses, prioritise different metabolic functions at a similar life history stage. Many of the metabolites that positively discriminate each species are associated with responses to stress. Abiotic factors such as environmental climatic stresses, resource availability and disturbance, together with biotic factors such as competition and mutualisms, constrain which species and traits can persist in a particular location (Lavorel and Garnier, 2002). These species may be filling different metabolic niches in order to allow coexistence in the community.


[bookmark: _Toc291410079]Chapter 5- Population Differentiation in Metabolic Traits 

[bookmark: _Toc291410080]Introduction 
Chapter 3 sets out in detail, how the assessment of phenotypic traits in plant populations can be used to determine the mechanistic basis of plant responses to current environmental variation. It is important to assess the relative importance of plastic, maternal, and genetic contributions phenotypic variation when predicting ecological and evolutionary responses to environmental change. Metabolomic methods are now applied to assess how plant traits at the biochemical level of plant organisation are influenced by environmental variation. 

In their natural environment, individual plants experience large variability in biotic and abiotic factors to which they must respond appropriately to in order to function and survive. These factors such as temperature, drought, salinity, nutrient availability, herbivory, vary on spatial scales ranging from metres to entire landscapes (Hartgerink et al., 1984; Gianoli and Gonzalez-Teuber, 2005; Latimer and Jacobs, 2012), and temporal scales from minutes to decades.
Plants can ameliorate the impacts of environmental variation via environmentally induced changes in the phenotype, a response known as phenotypic plasticity (Bradshaw, 1965). Plasticity can be observed at all levels of organization within a plant, from physiological and biochemical characteristics of photosynthesis, to anatomy and morphology, to whole organism growth (Colinet et al., 2012). The metabolic responses of individuals to a variety of environmental factors have been widely documented including, drought (Warren et al., 2011; Bowne et al., 2012; Sanchez et al., 2012) , temperature (Gray and Heath, 2005; Guy et al., 2008; Davey et al., 2008b),  salinity (Brosché et al., 2005; Zhang et al., 2011), nutrient availability (Hirai et al., 2004; Bölling and Fiehn, 2005), and pollutants (Sun et al., 2010).
Over time, traits that are relevant to the range of conditions within a species habitat and distribution, can be favoured through evolutionary processes of natural selection. This selection may result in genetic differentiation between populations of widespread species subjected to different environmental conditions (Becker et al., 2008; Davey et al., 2008a; Volis, 2011) resulting in local adaptation (Kawecki and Ebert, 2004).   
Understanding of the how plasticity and genetic differentiation affect variation in metabolic traits is critical to understanding of how the environment influences plant growth and how this manifests itself ecologically.
 	The metabolic fingerprinting methods are now being applied more frequently to assess population variation in metabolism. Inherent differences among populations have been shown to be expressed as distinct metabolic phenotypes within the foliage of plants subjected to controlled conditions (Davey et al., 2008a). Field and Lake (2011) provide one the first studies linking plant metabolic responses, functional traits and intra-specific diversity. Their findings suggest that different genotypes of the polycarpic perennial Carex caryphyllea possess distinct differences in the relative abundance of proline, sugar alcohols and pentose phosphates, metabolites involved in many biochemical pathways associated with plant growth. Manipulating the nutrient status of the soil resulted in genotypes displaying different responses in functional traits such as plant growth, as well as their biochemical composition, compounds belonging to the -glutamyl cycle were now the most discriminatory compounds between genotypes. 

Previous work in Chapter 2 shows population specific patterns in phenotypic trait expression depends on species. Populations of A. serpyllifolia, C. diffusum and P. arenarium significantly differ in the widest number of traits relating to flowering, reproductive and productivity. While populations of S. vulgaris and V. arvensis mainly show differences in flowering traits such as time and size at flowering. 
There are a variety of interactions between metabolites and the mechanisms that control these traits. It has been shown that metabolites such as the carbohydrates glucose and sucrose and the sugar phosphate trehalose-6-phosphate act as metabolic signals and are involved in the control of plant growth and development (Schluepmann et al., 2003; Gibson, 2005). Global metabolic fingerprinting has indicated that plant growth is associated with the combination of a large number of metabolites rather that a few individual compounds (Meyer et al., 2007). The fingerprinting approach has also been used to identify differences in metabolic composition during different developmental stages in the annual herb Artemisia annua L. (Ma et al., 2008), multivariate analysis showed clear metabolic differences at the budding, flower budding and full flowering stages. Many primary metabolites, such as d-glucose and inositol were associated with plant growth, while precursors of isoprenoid end-products such as sesquiterpenoids changed between life stages (Ma et al., 2008) indicating these may be involved in the differentiation of life history stages in this species. 
In the current study, variation in metabolism between populations due to genetically controlled differences in the timing of life history events, was controlled by sampling leaf tissue at a set time after flowering initiation recorded for each individual sampling plant. By minimizing the effect of metabolic variation due to life history differences this analysis can focus on variation in metabolism that is due to the populations adapting to environmental conditions in their natural environment. Each population in this study was grown under identical environmental conditions.  Observing metabolic variation between populations grown this way indicates metabolic traits are controlled by factors other than environmental cues (genetic, epigenetic, mothering effects).

Results in the previous chapter 3, studying metabolic profiles of five dune annual species growing under ambient environmental conditions indicated that the differential expression of compounds between species also has a substantial genetic basis. These data suggest that these five species that grow together in a habitat, experiencing similar biotic and abiotic stresses, prioritise different metabolic functions at a similar life history stage. Many of the metabolites that positively discriminate each species are associated with responses to stress. Analysing whether these species then show metabolic divergence in relation to the location plants originated from provides the crucial next step in understanding the importance of genetic adaptation in this community.

In this chapter I assess the patterns and basis of population variation in metabolic traits. I analyse the metabolome of multiple populations across five dune annual species growing under controlled environmental conditions. 1. Can I detect population differentiation in metabolic traits across a number of species? 2. Can metabolic profiles be used to infer types of environmental factors populations adapt to?


[bookmark: _Toc291410081]5.2- Methods 
[bookmark: _Toc291410082]Experimental Design
See Chapter 2 for details

[bookmark: _Toc291410083]Metabolomic Analysis
Samples used to analyse population variation in metabolism were identical to those used to measure species variation in the previous chapter. See Chapter 2 for full details of Metabolite Sample Harvesting, Metabolite Extraction Mass Spectrometry Analysis. 

[bookmark: _Toc291410084]Metabolomic Data Analysis
Data output from the mass spectrometry analysis was initially processed and binned to 0.2 Da, for details see Chapter 2 “2.2.3.4- Metabolomic Data Analysis”. 
Data for each species was split up and the following analyses were performed on each species separately. Principal Component Analysis (PCA) was performed using percent Total Ion count (%TIC) for each mass bin for each sample, for details see Chapter 2 “2.2.3.4- Metabolomic Data Analysis”. Contribution of scores plots were then created to visualise which mass bins varied most along the principal components associated with population separation. 
To determine the statistical differences in compound concentration between different populations ANOVA analysis on each mass bin was performed in R, for details see Chapter 2 “2.2.3.4- Metabolomic Data Analysis”. The effect of population was considered significant if ANOVA p-values fell below FDR value of 0.05. Based on this criteria, very few mass bins could be listed as significantly different according to population. Because the aim of this chapter is to identify the main metabolic differences between populations, mass bins with a raw p-value below 0.05 were also considered and putatively identified, since these bins also show population variations, albeit to a smaller extent than FDR significant bins. Posthoc Tukey tests were performed to determine in which population mass bin concentration was significantly different.
Putative identifications of the top five mass bins highlighted as causing species separation in PCA score contribution plots, along with those with a raw p-value of 0.05 according to ANOVA were made based on the average accurate mass with the mass bin. Putative identifications were then grouped based on population and mapped onto pathways using MetaboAnalyst, for details see Chapter 2 “2.2.3.4- Metabolomic Data Analysis”.
[bookmark: _Toc291410085]5.3- Results 

The metabolic profiles of each species were first analysed using Principle Component Analysis to visualise the overall similarities and differences in metabolism. The PCA scores plots, show that no groups or trends exist in the metabolic fingerprint of three species, A. serpyllifolia, P. arenarium and S. vulgaris (Fig. 5.1), thus indicating that the metabolome expressed by each population is relatively similar.  V. arvensis populations Fr3 and Fr4 show some separation along PC2 (Fig. 5.1). Samples from C. diffusum showed strong clustering according to population (Fig. 5.2.a). Populations could be separated along principal component (PC) 1, in a latitudinal pattern, the most southerly population Fr1 falls to the left hand side of the scores plot while the more northerly population Fr4 samples fall to the right hand side of the plot (Fig. 5.2a). Whilst being intermediary along PC1 samples from population Fr2 also slightly separated from the other two populations along PC 2 (Fig. 5.2.a). Comparing the PCA scores plot with the loadings plot showing the correlations between variables, mass bins, highlights a number of bins possibly causing metabolic variation between populations (Fig. 5.2.b). Variables such as mass bin 261.2, 323.2 and 425.2 relate to variation between observations separating along PC1, the position on the plot illustrates that these bins are in high abundance in Fr4 population and low abundance in Fr1 (Fig. 5.4.a and c., Table 5.1).
Univariate statistical analyses (ANOVA) were then applied to determine whether the detected concentration of each mass bin statistically differed according to population. Overall this analysis listed a number of mass bins that had concentrations varying significantly according to population, however in most cases these statistical tests were not significant based on the False Detection Rate corrected p-value. In A. serpyllifolia 41 bins differed between populations (only 8 of these were statistically different according to FDR corrected p-value), 85 bins differed between populations of C. diffusum (13 FDR), 67 bins differed between populations of P. arenarium (1 FDR), 67 bins differed between populations of S. vulgaris (1 FDR), 88 bins differed between populations of P. arenarium (0 FDR). The mass bins identified to be statistically different (FDR corrected) according to population were listed (Table 5.2) along with putative identifications. Although the statistical power of these tests is low, this analysis identified a number of mass bins that show concentration variation in relation to population of origin. Post-Hoc tests were then applied to determine which population showed increases in concentration for each variable, before putative identifications of each mass bin were created (putative identification was based on the average accurate mass of the compound detected within each mass bin. Significantly different bins of A. serpyllifolia were determined to be up-regulated mainly in Fr1 population, while the top mass bins of C. diffusum were up-regulated in Fr1 or Fr4 population. 

[image: ]
Fig. 5.1. Analysis of m/z values (binned to 0.2 Da) obtained by metabolic fingerprinting populations of four species, a. A. serpyllifolia, b. P. arenarium, c. S. vulgaris and b. V. arvensis. Legend provides location information for each population of origin. Percentage of the variation of the data explained by each component is provided.
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Fig. 5.1. Continued
[image: ]
Fig. 5.2. Analysis of m/z values (binned to 0.2 Da) obtained by metabolic fingerprinting of three populations of C. diffusum diffusum, Fr1 (red triangles), Fr2 (orange triangles), Fr4 (light blue triangles). Legend provides location information for each population of origin. Data from, principal component analysis is expressed in score plot form showing data spread along PC1 and PC2 (Fig. 5.2.a)(percent of the variation of the data explained by each component is provided). Corresponding loadings plot is shown beneath the score plot (Fig. 5.2.b).
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Table 5.1. Table showing which mass bins contain compound peaks that significantly differ according to population of origin. Statistical significance is determined by False Detection Rate (FDR) values below 0.05. Details of the direction of the compound concentration difference are provided.
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Putative identifications of all mass bins listed as having a raw p-value below 0.05 were uploaded into MetaboAnalyst software to determine patterns up up-regulated metabolism within particular populations. Results of pathways showing matches with at least two compounds were listed in detail (Table 5.3.) and summarised to provide an overview of results allowing comparisons between species. 
The overview revealed that plants originating from Fr4 in three different species showed up-regulation of metabolites. Mapped pathways were associated with a variety of metabolic functions. S. vulgaris and V. arvensis both showed up-regulation of arginine and proline biosynthesis, citrate cycle and tyrosine biosynthesis in plants originating from site Fr4, while C. diffusum and V. arvensis both up-regulated pathways relating to lipid biosynthesis (table. 5.4). 
Pathways up-regulated by C. diffusum plants originating from Fr4 mapped onto a range of pathways relating to primary metabolism including, fatty acid biosynthesis and starch and sucrose biosynthesis (Table 5.3). A. serpyllifolia plants originating from population Fr1 up-regulated pathways mainly associated with amino acid biosynthesis (Table 5.3, Fig. 5.3).
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Table. 5.2. Summary of putative identifications for mass bin values that positively and negatively contribute to species separation as determined by significant effects of population in univariate ANOVA tests. Putative identifications are based on accurate mass,. Identifications included here are chosen based on similarity to the average mass value and known occurrence in plants.
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Table 5.2. Continued
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Fig. 5.3. Overview of amino acid biosynthesis, showing normalised concentration values for putatively identified mass bins relating to up-regulation in Fr1 population of A. serpyllifolia


Table 5.3. Summary of Table 5.2. in matrix format allowing easy comparison of pathways up-regulated in specific species/population of origin combinations. 
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[bookmark: _Toc291410086]5.4- Discussion

Visualisation of metabolic similarities and differences between plant samples, indicated that plant metabolism varies depending on the population and species studied. Overall similarities in metabolism between populations of A. serpyllifolia, P. arenarium and S. vulgaris reveal that these species have flexibility in their metabolism that allows populations to respond to the current common environmental conditions in a common way. Plants respond to environmental stresses via rapid and reversible alterations in their metabolic compounds, this is the primary mechanism by which plants acclimate to rapidly changing environmental conditions and also forms the basis of physiological plant homeostasis (Metlen et al., 2009). The flexibility in the metabolic expression in A. serpyllifolia, P. arenarium and S. vulgaris implies that populations of these species maintain metabolic plasticity rather than metabolic adaptation to local conditions. Plasticity to changing conditions is of vital importance in light of climate change. 
The wider visualisation of C. diffusum and V. arvensis highlighted variation in metabolism between samples originating from different populations. Instead of strongly responding to the current common conditions, metabolism of these two species is being controlled by factors other than environmental, namely, genetic, epigenetic and or maternal effects. 
ANOVA statistical analyses, used to assess the influence of population origin on individual metabolites, highlighted the key compounds differentially regulated between populations. Despite similarities in overall metabolism within A. serpyllifolia, P. arenarium and S. vulgaris, these analyses indicated that along with C. diffusum and V. arvensis there are particular populations differentially regulating a number of metabolic pathways.
	Population differentiation was largely being caused by the up-regulation of particular compounds by plants of one population in relation to another. Overall, different species show metabolic differentiation for a number of populations. Putative identification based on the accurate masses of detected compounds, and subsequent pathway mapping revealed a number of interesting similarities in the types of compounds up-regulated by particular populations.

[bookmark: _Toc291410087]Details of Metabolic population differentiation 
In A. serpyllifolia metabolic variation between populations of origin was mostly determined by differential expression of compounds by plants in the Fr1 population and to some extent also in the GB2 population (most southern French site, and most northern British site respectively). Putative identifications of mass bins significantly up-regulated or down-regulated in population Fr1 were mapped onto metabolic pathways, five of the six pathways identified related to amino acid metabolism (Fig. 5.3.). The acquisition and assimilation of nitrogen into amino acids is an essential process required for plant growth and development. There are many examples of metabolomic fingerprinting studies identifying accumulations of various amino acids in response to environmental stresses including drought, salt, temperature and heavy metal (Greenway and Munns, 1980; Sanchez et al., 2012)(Hu et al., 2015). Particularly common roles relating to the amelioration of these stresses include functioning as compatible solutes, metal binding, controlling membrane permeability and protecting enzymes (reviewed in Rai, 2002). Accumulations of amino acids are known to form in response to environmental stresses, however, in this experiment all plants were grown in common environmental conditions. The differentiation of A. serpyllifolia population Fr1 in relation to amino acid biosynthesis is therefore likely to be occurring due to constitutive high expression of these compounds. A review of responses to heavy metal stress (Sharma and Dietz, 2006) highlights three species (including the perennial herb Silene vulgaris belonging to the Caryophyllaceae) known to have metal-tolerant populations that express substantially elevated constitutive proline levels, even in the absence of excess metal ions when compared to non-tolerant populations.

	Populations originating from Fr4 (Hatainville, Normandie, Northern France) showed up-regulation of a variety of compounds in three species, C. diffusum, S. vulgaris and V. arvensis. While up-regulated metabolites in this population represented a wide variety of metabolic pathways involved with amino acid metabolism, and carbohydrate metabolism, a number of patterns emerged. Both S. vulgaris and V. arvensis Fr4 populations up-regulated metabolites that mapped onto three pathways; arginine and proline metabolism, the citrate cycle and tyrosine metabolism. While C. diffusum and V. arvensis up-regulated three different pathways that were all associated with lipid metabolism.

[bookmark: _Toc291410088]Environmental vs Genotypic impacts on metabolism
	Many previous studies aiming to determine metabolic differences between plant populations apply targeted analyses on samples from plants growing in the field.  While these studies provide interesting insights into the metabolic responses of plants to environmental conditions little can be discerned regarding the relative influence by population genotype or differential environmental conditions. Many of the environmental metabolomic studies addressing the importance of genotypic and environmental determination on metabolism have focused on plant allocation to resistance mechanisms. Many of these studies highlight the biological costs to the plant of constitutive expression of compounds (Cipollini, 2008; Sampedro et al., 2011). In their evaluation of genotype vs environmental effects on foliar chemistry of quaking aspen (Populus tremuloides) Osier and Lindroth (Osier and Lindroth, 2006) grew multiple genotypes under variable conditions of light and soil nutrient availability. The study found strong effects of plant genotype as well as the environmental conditions, light and nutrient availability and that the importance of each of these factors depended on the compound type. For example, phenolic glycoside concentrations were largely determined by genotype, tannin concentrations differed markedly between light treatments while showing little correlation with genotype. 
	The results presented in this chapter indicate that similarly to Populus tremuloides only some sections of global plant metabolism are largely controlled by genetic influences.  This chapter has further illustrated that the particular pathways up-regulated by different populations vary depending on the species analysed.  

[bookmark: _Toc291410089]Ecological Implications
	This is the case in two out of the five species analyses, however results indicate that metabolism in A. serpyllifolia, P. arenarium and S. vulgaris most likely responds directly to environmental factors. This finding suggests that divergent regulatory control processes in different species of dune annual determine the accumulation of metabolites. 

92

[bookmark: _Toc291410090]Chapter 6- Environmental influence on metabolism


[bookmark: _Toc291410091]6.1- Introduction
As previously mentioned, plants can respond to differences in environmental conditions by phenotypic plasticity, environmentally induced changes in phenotype (Bradshaw, 1965; Sultan and Spencer, 2002; Sultan, 2003). Plastic responses increase the probability of a population’s persistence through time by allowing immediate adjustment to environmental change (Sultan, 1987).  Abiotic cues such as temperature and light are sensed by environmental signaling pathways that control molecular developmental transformations (Schlichting and Smith, 2002; Avramov et al., 2007). 
Chapter 3 identified variation in a number of traits between populations of dune annual species. As the plants analysed in that study were grown in laboratory conditions under the influence of common environmental factors it can be suggested that trait variation has a substantial genetic basis. In the field, both genetic and environmental factors will contribute to population trait variation. 
	Environmental conditions also vary over different spatial scales. At smaller scales (several metres) soil conditions (Hodge, 2006; Baythavong et al., 2009), and biotic factors such as competition, parasites and herbivores (Linhart and Grant, 1996b; Abdala-Roberts and Marquis, 2007) are important factors that drive patterns of plasticity and adaptive evolution. However, at large scales (landscape) climate is the predominant varying factor driving adaptation in plant populations (Joshi et al., 2001; McKay et al., 2001). 
As the distance separating their locations increases different populations are expected show strong levels of trait differentiation, due to an increase in the heterogeneity of environmental conditions (Galloway and Fenster, 2000). The different environmental conditions populations experience at larger spatial scales lead to genetic heterogeneity, firstly by generating different selection pressures, and secondly by heterogenic environmental conditions such as exposure or moisture availability causing significant barriers to gene flow via effects on phenology therefore isolating populations (Linhart and Grant, 1996b). 
Local adaptation has been reported in response to environmental variation at both small and broad spatial scales (Becker et al., 2006; Davey et al., 2008a; Jongejans et al., 2010; Latimer and Jacobs, 2012). Despite these findings the expectation that the distance between sites correlates with local adaptation, was challenged in 2008 by Leimu and Fischer’s meta-analysis of local adaptation. They concluded that in 32 studies, comparing populations spanning in range of between 3 metres to 3500 km, distance between plants had no effect on the strength of local adaptation (Leimu and Fischer, 2008). The analysis supports the idea that at both small and large geographic scales the average magnitude of environmental heterogeneity is similar.  
Understanding the spatial scale of adaptive evolution may provide insight into the processes that determine the levels of intraspecific genetic differentiation and expression of phenotypic plasticity. It will also provide more evidence to support one of the opposing theories regarding spatial scale and direction of magnitude of genetic differentiation. This study assesses the impact of environmental heterogeneity on the metabolism of one dune annual Erodium cicutarium. 

Variation in metabolism underpins plant response to changing environmental conditions, therefore metabolic traits play an important role in a plant’s growth and survival. Studying phenotypic variation and plasticity within populations requires an analysis that can detect changes in plant phenotypes according to environmental stress and individual genotype (Alonso-Blanco and Koornneef, 2000). Because the collection of all metabolites with an organism represents the ‘ultimate phenotype’ of the plant after genetic and environmental interactions, metabolomic study is a valuable tool.  
Grey dune systems are highly heterogeneous habitats at the local level and can be typified by patterns of microrelief that causes fine-scale variability in microclimate and edaphic factors (Provoost et al., 2004a). These elements determine both species performance and community competition, for example dune hummocks create a diverse topography and microclimates, shading plants growing in the hollow areas at their base (Gibson, 1988). Within most sites there will be differences in the plant communities on north and south facing slopes, some sand dune species being generally confined to specific zones (Houston, 2008). Other environmental gradients of factors such as wind and soil texture are known to vary across sand dune sites and lead to changes in plant community dynamics (Lortie and Cushman, 2007). At larger scales the natural range of Grey Dunes occurs along major temperature gradient from southwest to northeast, covers extensive variations in precipitation and is frequently highly fragmented (Provoost et al., 2004b). The occurrence of both small and large scale environmental variation in one specific habitat type makes our Grey Dune study system an ideal model for understanding the spatial scale of adaptive evolution
This chapter assesses how environmental variation over different spatial scales impacts plant metabolism. The study aims to address the following questions specifically: 
1. Can I detect population differentiation in the metabolism of plants growing along a large-scale latitudinal gradient? 2. Does local variation in habitat topography cause differentiation at the metabolic level? 3. How does the spatial scale between plants impact metabolic differentiation in a dune annual species?



[bookmark: _Toc291410092]6.2- Methods
[bookmark: _Toc291410093]Study system
The selection of three types of study plot, north-facing, south-facing and flat plots aimed to capture a representation of small scale environmental variability within dune sites.  
Data collected from the study sites reveals differences in dune annual species abundance as well as other plant cover and rabbit presence between areas of different aspects. Data recorded from 1m2 quadrats along transects were averaged and plotted depending on the topographical aspect, flat, north-facing and south-facing (Figure 6.1). Abundances records included counts of senesced individuals, logistical constraints meant that on many occasions dune annual plants had bolted in response to periods of climatic stress, completing flowering, and senescing before sampling could occur. Results indicate that abundances of dune annual species including Erodium cicutarium, Phleum arenarium, Arenaria serpyllifolia, C. diffusum diffusum, and Veronica arvensis significantly differ depending on aspect (Table 6.1). In the latter three species this relationship with aspect is dependent on population (Table 6.1), typically, south-facing slopes had lower abundances than both flat and north-facing slopes (Fig. 6.1). Grazing intensity, perennial cover and moss cover also significantly differ between aspects as well as between sites of different latitudes (Table 6.1). 

[bookmark: _Toc291410094]Study Species
Because many of dune winter annuals showed a lack of survival over the complement of study plots, this study was constrained to the analysis of only one species growing in the grey dune system, Erodium cicutarium. This species has previously been used in studies of selection for local adaptation or phenotypic plasticity in relation to the spatial scales of environmental variation. Studies found that within a grassland habitat selection favoured increased plasticity on serpentine soils than non-serpentine patches, and that these serpentine soils presented significantly finer grained habitat than the more homogenous non-serpentine patches (Baythavong and Stanton, 2010; Baythavong, 2011). Erodium cicutarium is a short-lived self compatible species, in comparison to long-lived outcrossing species these are expected to have more strongly differentiated traits at smaller scales (Linhart and Grant, 1996b). 

[bookmark: _Toc291410095]Experimental Design
To take into account the heterogeneity in the topography of grey dune systems metabolic variation was assessed between samples from plants growing in north-facing slopes, south-facing slopes and flat sample areas. Sloping sample areas were 5-metre square areas on slopes of more than 5 degrees incline. Ten plants were sampled per area, and three replicates of each area were samples per site. Plants were randomly selected from each of the study plots. Flags (numbered tape attached to 30cm cocktail sticks) were staked in the ground adjacent to the sample plant to identify its location. Prior to harvesting for the metabolomics study a range of measures were recorded. Plant height was measured using a ruler, or plant diameter for Erodium cicutarium that has a radial growth habit. Growth stage of the sampled plant was recorded as juvenile, or if in reproductive stage the numbers of buds (bd), flowers (fl), fruit (fr) were noted. Any visual sign of grazing or the presence of insects on the plants, were also noted. 
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Figure 6.1.  Differences between flat, north-facing and south-facing m2 quadrats for numbers of individuals of a. Arenaria serpyllifolia, b. Cerastium diffusum, c. Erodium cicutarium, d. Phleum arenarium, e. Veronica arvensis, grazing intensity measured as f. number of fecal pellets, g. % perennial cover, h. % moss cover, i. % lichen cover.




Table 6.1. Table of analysis of variance of aspect and population and their interaction on the numbers of plants of six dune annual species as well as cover of perennials, moss and lichen and grazing intensity measured as the number of rabbit fecal pellets.


	Species
	Predictor
	df
	Deviance
	Resid.
 DF
	Resid. Dev
	F
	P (> Chi)
	

	A. serpyllifolia
	Population
	4
	8697.9 
	628
	12881
	79.3368
	< 2.2e-16
	***

	
	Aspect
	2
	1564.3       
	626
	11317
	28.5378
	1.398e-12
	***

	
	Pop * Aspect
	8
	470.2       
	618
	10846
	2.1446
	0.03006
	*

	
	Error
	
	
	632
	21579
	
	
	

	C. diffusum
	Population
	4
	26997.8       
	628
	41518
	96.9008
	< 2.2e-16
	***

	
	Aspect
	2
	4047.6
	626
	37471
	29.0555
	8.707e-13
	***

	
	Pop * Aspect
	8
	451.6
	618
	37019
	0.8104
	0.5935
	

	
	Error
	
	
	632      
	68516
	
	
	

	E. cicutarium
	Population
	4
	3569.1       
	628
	7475.2
	66.8939
	<2e-16
	***

	
	Aspect
	2
	2.5
	626
	7472.7
	0.0947
	0.9097
	

	
	Pop * Aspect
	8
	127.9
	618
	7344.8
	1.1981
	0.2975
	

	
	Error
	
	
	632    
	11044.3
	
	
	

	P. arenarium
	Population
	3
	0.5800
	569
	11952
	20.8938
	7.619e-13
	***

	
	Aspect
	2
	47.55
	567
	11904
	0.7856
	0.4564
	

	
	Pop * Aspect
	6
	142.98
	561
	11761
	1896.95       
	0.7874
	

	
	Error
	
	
	572      
	13849
	
	
	

	V. arvensis
	Population
	3
	12219.1
	399
	9123.0
	158.689
	< 2.2e-16
	***

	
	Aspect
	2
	1588.2
	397
	7534.8
	30.9393
	3.358e-13
	***

	
	Pop * Aspect
	6
	212.7
	391
	7322.1
	1.3811
	0.2209
	

	
	Error
	
	
	402    
	21342.1
	
	
	

	Grazing
	Population
	4
	13935        
	632     
	37222 
	3483.734
	< 2.2e-16
	***

	intensity
	Aspect
	2
	138        
	628      
	23287 
	68.977
	< 2.2e-16
	***

	
	Pop * Aspect
	8
	1689       
	618      
	23149 
	211.120
	< 2.2e-16
	***

	
	Error
	
	
	618
	21460
	
	
	

	Perennial 
	Population
	
	34.550        
	628
	40.551
	
	< 2.2e-16
	***

	cover
	Aspect
	2
	0.763
	626
	39.788
	
	0.006799
	** 

	
	Pop * Aspect
	8
	0.160
	618
	39.627
	
	0.977841
	

	
	Error
	
	
	632     
	75.101
	
	
	

	Moss cover
	Population
	 4   
	13.989       
	628     
	243.32 
	
	1.179e-07
	***

	
	Aspect
	2
	    0.358       
	626     
	242.96 
	
	0.6157343
	

	
	Pop * Aspect
	8
	11.288       
	618     
	231.67 
	
	0.0001671
	***

	
	Error
	
	
	632
	257.31
	
	
	

	Lichen cover
	Population
	
	21.5299       
	632
	75.562 
	
	2< .2e-16
	***

	
	Aspect
	2
	1.7073       
	626
	73.855  
	
	0.008157
	** 

	
	Pop * Aspect
	8
	   6.4974       
	618
	67.358
	
	1.362e-05
	

	
	Error
	
	
	
	
	
	
	










[bookmark: _Toc291410096]Description of Field Sampling
	See Methods ‘2.2.3- Metabolic Analysis Methods’ for details of metabolite sample harvesting, metabolite extraction and mass spectrometry analysis. 


[bookmark: _Toc291410097]Data Analysis
For details of pre-processing of metabolite data see ‘2.2.3.4- Metabolomic Data Analysis’.
First, Principal Component Analysis using Simca-P was conducted to visualise metabolomic differentiation between samples from all populations simultaneously. For details of PCA analysis see ‘2.2.3.4- Metabolomic Data Analysis’.
	In the case of the occurrence of PCA plots indicating sample separation into two groups Orthogonal partial least-square discriminant analysis (OPLS-DA) was performed. See Methods ‘2.2.3.4- Metabolomic Data Analysis’ for details of analysis. OPLS-DA methods were used to identify lists of metabolite biomarkers associated with experimental variation.
	Univariate analyses were also performed to determine statistical differences in the concentration of compounds within each bin, according to experimental variation. See Methods ‘2.2.3.4- Metabolomic Data Analysis’ for details of this analysis
The most discriminatory mass bins according to experimental variation relating to scale of environmental heterogeneity were then putatively identified based on the average accurate mass detected within each bin, see “2.2.3.4- Metabolomic Data Analysis” for details.
 	Putative identifications were analysed using MetaboAnalyst’s functional interpretation tools to detect potential key pathways that were up-regulated or down-regulated in different sample classes. Metabolic pathway analysis on MetaboAnalyst facilitates the understanding of complex relationships between metabolites studied by combining visualization maps and more quantitative statistical analysis such as multiple ANOVAs.  Metabolic variation between two sample classes was also mapped using PlantCyc OMICs viewer. The output of this analysis is limited to the constraints of print format and is designed for digital exploration, it is included here to present a wide overview of data that can be interpreted without details. 

[bookmark: _Toc291410098]6.3- Results

[bookmark: _Toc291410099]Large scale variation in metabolism
PCA model of samples growing in different aspects at all sites, show metabolic variation between populations and regions (Fig. 6.2). The PCA score plot indicated metabolic differences between all five populations (Fig. 6.2), though the strength of these differences were smaller than the regional differences. French populations (Fr1, Fr2, Fr4) separated from GB populations (GB1, GB2) along PC1, which explained 16.6% of the variance. PC2 explained 11.8% of the modelled metabolic variation, samples taken from flat areas from GB2, GB1 and Fr2 sites separated along this axis.  
	Metabolic variation between regions of Great Britain and France were studied in more detail using OPLS-DA. 	This revealed an evident statistically significant separation (p>0.05). The OPLS-DA fitted model resulted in one predictive and 1 orthogonal component. 24% of the variation in the data (R2X cum) was used to explain 92% of the variance in class separation (R2Y), cross-validated predictive ability of the model was 79.1%. The S-plot was used to select metabolite mass bins showing high magnitude and high reliability of modelled variance (top-right and bottom-left quadrant of the plot).  The top ten most discriminatory mass bins are listed and putatively identifications based on the average accurate mass within each bin (Table 6.2). In total 28 bins were considered to be strongly controlling separation of British plants, and 37 for France (based on scores within Fig 6.2.b.  
	Fold change in concentration of each mass bin was calculated based on country averages between French plants and British plants. Accurate putative identifications were then calculated for mass bins with a fold change greater than 1. These were mapped onto a diagram of global plant metabolism (Fig. 6.3). Up-regulation of large suites of pathways is not apparent in this overview. 
	Putative identifications of these 65 most discriminatory mass bins were mapped onto pathways using MetaboAnalyst (Table 6.3). Up-regulated putatively identified compounds mostly map onto phenylalanine biosynthesis, pyrimidine and purine metabolism in French plants (Table. 6.3.). 
	
[image: ]

Fig. 6.2. Analysis of m/z values (binned to 0.2 Da) obtained by metabolic fingerprinting of five populations of Erodium cicutarium, Fr1 (red), Fr2 (orange), Fr4 (dark green), GB1 (light blue), GB2 (dark blue), location details are provided in the legend to support interpretation Percent of the variation of the data explained by each component is provided.
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Fig 6.3. Orthogonal partial least-square discriminant analysis (OPLS-DA) of country. a. Score plots displaying predictive t[1] versus orthogonal tO[1] components are shown, with 95% confidence ellipses (based on Hotelling's T2 statistic). b. S-plot used to visualize model loadings causing separation in plot a.  p[1]  axis represents model loadings (magnitude of each mass bin in relation to the model), p(corr)[1] axis represents the reliability modelled correlation. 
98


Table 6.2. Summary of putative identifications for top 10 mass bins selected from S-plot Fig 6.2.b. as compounds showing the largest correlation to modelled split between plants of different countries. Putative identifications are based on accurate mass. Identifications included here are chosen based on similarity to the average mass value and known occurrence in plants.
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Fig. 6.4. Normalized concentrations (averaged per population of origin) of the top five mass bins discriminating British plants (OPLS analysis, Fig. 6.3b), top row; and the top five mass bins discriminating French plants, bottom row. Averages are indicated by the central bar of the box plot and standard deviation by the error bars.

Table 6.3. Pathways of interest based on the most discriminatory mass bins determined by ANOVA. Putative identifications of the accurate mass contained within each mass bin was first determined and then uploaded onto MetabolAnalyst mapping software.
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Fig 6.5. Overview diagram of metabolite pathways overlaid with data of fold change in concentration between the two classes, orange highlights represent compounds up-regulated in France plants, blue highlights represent compounds up-regulated in British plants.
 

[bookmark: _Toc291410100]Local scale variation in metabolism
PCA model parameters indicated poor fit and predictive power in these samples, indicating low levels of variance between the samples analysed. At sites Fr4, GB1 and GB2 metabolite fingerprints did not cluster based on the flat, north-facing or south-facing aspect of the areas that were sampled. (Fig. 6.5) At site Fr2 PCA shows that variables show some clustering based on aspect grown (Fig. 6.5d.). Samples from flat sampling areas clustered quite tightly together and separated from samples from north-facing and south-facing slopes along PC1. 
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Fig. 6.6. Analysis of m/z values (binned to 0.2 Da) obtained by metabolic fingerprinting of four populations of Erodium cicutarium, a. Fr2, b. Fr4, c. GB1, d. GB2. Plots show metabolic differences between plots with different aspects, flat (diamonds), north-facing (triangles), south-facing (downward triangles). Data from, principle component analysis is expressed in score plot form showing data spread along PC1 and PC2 (Fig. 6.2.a)(percent of the variation of the data explained by each component is provided).  Since score plots do not so separation between treatments, corresponding loadings plots are not shown.














[bookmark: _Toc291410101]6.4- Discussion

In order to predict the impact of future climate changes on plant populations it is important to understand the evolution of both plasticity and evolutionary genetic trait responses that are determined by the patterns of environmental heterogeneity populations are exposed to (Gianoli, 2004). As the distance separating their locations increases populations are expected to be more locally adapted (and therefore more biologically differentiated from one another), because of the increase in the heterogeneity of environmental conditions (Galloway and Fenster, 2000). Meta-analyses of studies suggests that this is not the case (Leimu and Fischer, 2008). 
The work presented in study suggests that plant metabolism is not adapted to smaller scale, within-site, environmental conditions associated with dune topography. Instead metabolism becomes more distinct between plants at much larger spatial scales. The approach presented here provides one of only a few examples in the literature of the employment of environmental metabolomic analysis to discern biological variation in field grown populations. 

[bookmark: _Toc291410102]Local variation in metabolism
Metabolite fingerprint analysis of plants growing in different topographical areas within each site indicated little metabolic variation between flat, north-facing and south-facing plots (Fig. 6.5). At smaller spatial scales patterns of trait plasticity and adaptive evolution are driven by factors such as soil conditions (Hodge, 2006; Baythavong et al., 2009), competition, parasites and herbivores (Linhart and Grant, 1996b; Abdala-Roberts and Marquis, 2007). It has been reported that factors such as wind and soil texture vary across sand dune sites at the local level, and that these can lead to variation in plant community dynamics (Lortie and Cushman, 2007). Plants are also known to respond to factors such as these at the metabolic level, the variety of metabolite alterations have been comprehensively summarized in review papers such as (Sardans et al., 2011; Kráľová et al., 2012)
	Grey dune systems can be typified by explicit microrelief that causes fine-scale variability in microclimate and edaphic factors (Provoost et al., 2004). Dune hummocks for example, create a diverse topography and microclimates, shading plants growing in the hollow areas at their base (Gibson, 1988). These hummocks create a mosaic of different slopes and aspects on which dune annual species may grow. The influence of slope and aspect on plant populations has been reported in a number of systems (Sanchez and Puigdefabregas, 1994; Sternberg and Shoshany, 2001; Gilbert and Lechowicz, 2005; Bennie et al., 2008). Typically south-facing slopes receive higher solar radiation which in turn affects temperature, soil moisture, nutrients and soil aggregation, while north-facing slopes generally receive lower solar radiation resulting in lower daily maximal temperatures and lower evapotranspiration rates (Sternberg and Shoshany, 2001; Bennie et al., 2008). Impacts of slope variation include susceptibility to herbivores (Auslander et al., 2003), as well as significant effects on the composition, structure and density of plant communities (Kutiel and Lavee, 1999; Sternberg and Shoshany, 2001). 
	In light of this literature it is surprising that little variation in the metabolism of plants growing on different slopes and aspects. Details of the precise environmental differences between slopes is lacking in this study. Since the dune habitat is typified by harsh environmental conditions, variation caused by topography may not elicit responses if it falls within the limits of stress that the plant can acclimate to. Environmental variation between slopes was inferred due to observations that abundance of annual species decreased on south-facing slopes. However, analysis indicates that unlike other dune annuals, the abundance of E. cicutarium is not dependent on aspect (Fig. 6.1, Table 6.1). It is reasonable to suggest that Erodium has traits that differ to other dune annuals, allowing it to cope well in a range of environmental conditions. These traits may, however, may not manifest themselves at the metabolic level. For example, E. cicutarium produces a taproot, that can reach a length longer than 6cm in some large individuals (Baythavong et al., 2009). This morphological feature, lacking in other species in this community, may allow this species to survive in theoretically more stressful conditions found on south-facing slopes. Further detailed analysis of the precise environmental differences in factors such as temperature, soil moisture content, soil nutrient status would benefit the understanding of why metabolism appears similar between treatments. 

[bookmark: _Toc291410103]Landscape-scale metabolic variation
In the assessment of all slope and aspect treatments at all of the sites I find evidence of variation in metabolism (Fig. 6.2). No discernable patterns could be detected between samples growing on different slopes and aspects (Fig. 6.5). Instead metabolism varied significantly according to country of origin (Fig. 6.3). Trends in the concentrations of the most discriminatory masses, revealed latitudinal patterns of expression (Fig. 6.4). As has been found in other plant species (Leinonen et al., 2011; Dauwe et al., 2012) these results could indicate that the metabolism of dune annuals responds to environmental factors that are linear to latitude (e.g. temperature day length), rather than more fluctuating factors in this system (e.g. grazing).

The patterns of metabolic variation in this research, mirror the findings in a study of metabolic variation between populations of the arctic-alpine species Arabidopsis lyrata spp. petraea grown in controlled laboratory conditions (Kunin et al., 2009). In Arabidopsis metabolomic variation was only detectable at the region scale (hundreds of kilometres apart) rather than at a within-region, population scale (ten of kilometres apart). Simultaneous analysis of temperature and genetic profiles found that there was no significant relationship between the metabolomic and genetic variation within a region. Since this study assessed metabolism without the influence of environmental variation findings suggested that plastic responses to the fine-scale environmental variation may be dominant, resulting in the lack of signal for adaptation. 
	Further analysis of the fine scale environmental variation in the dune environment is required in order to understand the mechanisms causing metabolic similarities at the local scale. A direct comparison between the metabolomes of E. cicutarium and the other species analysed in previous studies within this thesis would be advantageous; as this may highlight pathways expressed in Erodium that allow this species to acclimate to sloped areas where other species do not occur. 
[bookmark: _Toc250638460]

[bookmark: _Toc291410104]Chapter 7- Discussion
[bookmark: _Toc250638461]
[bookmark: _Toc291410105]7.1- Introduction 
In this current era of anthropogenic climate change there is a growing need to predict the ability of species and communities to persist under future climate scenarios and land-use regimes. Improving our knowledge of the complex interplay between plants and the environment remains a key goal of the scientific community, though this task is not an easy one.  Plant populations may ameliorate the impact of harmful environmental change through a suite of response mechanisms including shifts in phenology, alterations of species ranges and trait plasticity. Populations may also express evolutionary responses to past and present environmental conditions as climate exerts strong selection pressures, resulting in population differentiation and local adaptation. These varying responses to environment do not act independently of one another, occur over different temporal and spatial scales, and may have contrasting outcomes, making their study complex. The work in this thesis describes the interaction between environment and plants in the metabolic phenotype, to elucidate the importance of the above response mechanisms. 

[bookmark: _Toc291410106]7.2- Intra-specific trait variation in a community
In accordance with Aim 1 population variation was first characterized in the phenotypic traits of a number of dune annual species grown in standardized environmental conditions. This was to provide an important first insight into the control of plant traits that can be measured easily and influence population and community dynamics (Chapter 3). The measurement of three suites of traits in five species resulted in a number of different patterns of trait expression. In each of the five species flowering phenology showed statistically highly significant differences between populations. Plants originating from southern populations flowered much earlier than northern population. Latitudinal trends were apparent in a number of other traits such as plant height for some of the species. The geographical structuring of reproductive traits between and within species follows patterns in other phenotypic traits measured, most notably productivity traits. The results added to a wealth of studies discovering phenotypic variation between populations (Stinchcombe et al., 2004; Griffith and Watson, 2005; Nicotra et al., 2007; Volis, 2007). 
It has been suggested that studies assessing population variation in traits often conclude that variation results from microevolutionary responses to environmental conditions without providing the necessary evidence that the trait variation has a genetic basis (Gienapp et al., 2008). In our study growing dune annuals under standardized environmental conditions removed environmental variation the different populations were exposed to. The occurrence of well-defined trait differences between populations suggested, that these traits have a genetic basis.  
This study incorporated a comparison of population trait variation between two generations of plants to reveal whether the trait expression in these species results from genetic adaptation to local environmental conditions or whether other responses to environment such as maternal effects were at play. Maternal effects are non-genetic developmental changes in the offspring that result from the environmental conditions experienced by the mother affecting the provisions of the seed (Galloway et al., 2009). This response can result in population differentiation of traits which is generated by differences in the growing conditions experienced by mother plants (Bischoff and Müllerâ-Schärer, 2010). Statistical analysis found that in some sand dune plants, changes in expression of particular traits met criteria that indicated maternal effect responses. I am cautious to conclude that maternal effects play a large role in the interaction of environmental conditions and the expression of these traits. Typically the expressions of maternal influences are detected in traits relating to direct provision mediated through seed size. However, there are a number of studies that indicate the influence of maternal effects on traits in adults such as leaf length (Schmid and Dolt, 1994), reproductive output (Hayward, 1967) and metabolism (Orians, 2000; Grebenstein et al., 2011). Typically maternal effects influence seed based traits such as seed size (Waller, 1982) and germination (Figueroa et al., 2010). Further investigation of the role of maternal effects on trait variation in sand dune species is required to ensure than other processes such as epigenetic effects are not causing the same patterns of trait expression. 


[bookmark: _Toc291410107]7.3- Metabolic variation in the dune community
Study of the metabolome should provide interesting insights when addressing ecological questions relating plants to the environment.  When plants are responding to environmental variation via phenotypic plasticity they ameliorate the impacts of environmental change directly at the metabolic level of organisation. There are many metabolic traits associated with tolerance and amelioration of environmental stresses including, drought (Bowne et al., 2012), temperature (Gray and Heath, 2005; Guy et al., 2008; Davey et al., 2008b), salinity (Brosché et al., 2005; Zhang et al., 2011), nutrient availability (Hirai et al., 2004; Bölling and Fiehn, 2005), and pollutants (Sun et al., 2010). Changes in metabolism also underpin plant phenological and morphological traits. Fingerprinting the whole metabolome provides a ‘whole plant’ phenotype. Chapter 4 utilised this approach of analysing multiple plant phenotypes simultaneous, to determine whether inherent genetic differences between populations resulted in metabolic adaptations. In accordance with Aim 2 metabolomic techniques used in chapter 3, successfully discovered suites of traits up-regulated by different species.  Metabolic features that discriminated Senecio vulgaris from the other species were putatively identified as pyrrolizidine alkaloids (PAs). This result complemented other studies that suggest PAs are mainly conserved to the Senecio genus (Hartmann and Zimmer, 1986; Langal et al., 2011).
There is some evidence that patterns in metabolomics data reflect the relatedness of species of yeast and algae (Flagfeldt et al., 2009; Becker et al., 2014), though examples from plants remain rare. The results from this analysis indicated that dune annual species could be strongly separated based on their metabolic profile (Fig. 4.1). Although the relative variation between populations (Fig. 4.1.) does not necessarily closely track species phylogeny (Fig. 2.8), pathway mapping indicated interesting patterns of metabolic regulation. Phleum arenarium, the only grass species analysed, was the only species in which it’s discriminatory metabolites mapped onto pathways involved in terpene and polyketoid metabolism, e.g. zeatin biosynthesis and terpenoid backbone biosynthesis (Table 4.2.).


[bookmark: _Toc291410108]7.4- Genetic influence on population metabolic traits- species specific patterns
A key area for metabolomic research applications is increasing understanding of how much of the variation in the metabolome is influenced by inherent genetic factors, and by external environmental factors (Brunetti et al., 2013). Plants were grown in common environmental conditions and their phenotypic traits recorded to assess whether they were influenced by genetic factors (Aim 3. Chapter 3). Leaf tissue samples from these plants were collected during the course of the experiment to test whether genetic variation between populations also resulted in metabolic variation (Chapter 5). Metabolic fingerprinting indicated patterns in metabolite masses associated with population variation varied depending on species and population analysed. The most distinct pattern of population variation was detected in Cerastium diffusum, the most northern population Fr4 metabolically differentiated from the most southern population Fr1, though Fr2 populated located at intermediate distance between the two, showed intermediate expressions of metabolism. Searches in the literature for putative identifications of population discriminating masses discovered highlighted a number of the compounds with functions that related to home environmental conditions.
After putative identification compounds discovered in abundance in C. diffusum population were associated with terpenoids, phenols and secondary metabolites. Compounds within these classes typically act to protect against herbivory (Pichersky and Gershenzon, 2002; Ormeño et al., 2007). It may be beneficial for the Fr4 population of C. diffusum to constitutively express terpenoids, phenols and other compounds associated with secondary metabolism as this site has double the level of rabbit activity compared with Fr2 and Fr1. 
Veronica arvensis also showed metabolic variation between plants originating from site Fr4 and Fr3. The two mass bins that contribute most to the separation of plants originating from Fr3 339.2 and 355.2 have putative identifications that match up with gibberellins (GAs) such as GA9 and GA4. Gibberellins (GAs) are a group of terpenes that typically act as growth promotors and regulators (Yamaguchi, 2006; Parsons et al., 2013). Metabolite analysis in the previous chapter 3 suggest that these compounds are typically found in higher abundances in V. arvensis compared with other dune annual species. 
This provides one of many interesting patterns detected by metabolically fingerprinting plant tissue samples. Caution must be applied in studies such as these to not issue too much weight to putative identification of compounds. This approach is designed to highlight metabolic features of biological interest to the study, further metabolite analysis such as metabolic profiling and compound identification based on MS-MS are then required. 
While these results form Chapter 5, indicate some metabolic traits in C. diffusum and V. arvensis are genetically controlled, results from the other three species showed that metabolism did not vary according to population. This apparent lack of intra-specific metabolic variation suggested that plant responses such as phenotypic plasticity to environmental variation prevalent. 

[bookmark: _Toc291410109]7.5- Environmental variation and metabolism
Plants growing in their natural habitat represent a valuable resource for elucidating mechanisms of acclimation to environmental constraints. The interplay between environmental conditions and metabolic composition was assessed in Chapter 6. The experimental set up tested whether environmental conditions varying at a local scale, within sites and large scale between populations and regions resulted in different patterns of metabolic expression, in order to address Aim 4. 
	At the local scale grey dunes are highly heterogenous environments in terms of topography, dune hummocks create a variety of different environmental pressures including those from grazing (Table 6.1) as well as microclimate variables. In three populations of Erodium cicutarium fine scale environmental variation was not matched by variation in metabolism. In site Fr2 plants growing in sloped areas showed clustering away from plants growing in flat areas, though little difference could be discerned between plants growing on slopes with different aspects. Further analysis comparing metabolic fingerprints of plants sampled at much larger scales indicated that metabolism varied strongly at much larger scales. PCA showed clear division of metabolism based on country of origin, while the populations of E. cicutarium remained relatively similar. 
	These results follow similarly with patterns of metabolic variation within, and between populations of Arabidopsis lyrata spp. Petraea (Kunin et al., 2009). The Kunin et al. study found that metabolomic variation was only detectable at the region scale rather than at a within-region scale and that there was no significant relationship between the metabolomic and genetic variation measured within a region. 
Trends in the concentrations expression between plants at this regional scale may be indicating that the metabolism of dune annuals responds to environmental factors that are linear to latitude (e.g. temperature day length) (Leinonen et al., 2011; Dauwe et al., 2012), rather than more fluctuating factors in this system (e.g. grazing).
The work in Chapter 5 highlights that the metabolomic approach has great power in its application to understanding ecological relationships. Analysis of very large data sets, containing information on hundreds of traits, has been multivariate statistical tools to determine patterns within the data. This unbiased approach both in terms of the analytical elucidation of compounds and their statistical analysis has provided an unbiased representation of the impacts of environmental conditions at different spatial scales on metabolism.

[bookmark: _Toc291410110]7.6- Evaluation of metabolomic approach
	The work in this thesis represents one of only a few studies to employ metabolomic techniques in the analysis of elucidating the mechanisms by which plants elicit responses to cope with environmental variation (Robinson et al., 2007a; Davey et al., 2008a). 
Many environmental metabolomics studies focus on model plant systems that have been subjected to extreme environmental conditions. Also, many experiments sampling plants from the field apply more targeted analyses on a subset of compounds (e.g. carbohydrates, phenolics, anthocyanins), these are often chemicals with an important specific function with in the species or known to be affected by the gradient in environmental factors (Lankau and Strauss, 2008; Davey et al., 2008b). While these types of analyses may be useful in understanding how plants function, they often show little correlation to the development of plants in real world contexts. Therefore, broad-scale elucidation of metabolic structure using laboratory coupled with field analyses associating genotypic, phenotypic and environmental characteristics in plant populations may aid in linking these aspects and furthering our understanding of plant development as a whole. 
	Metabolomics has been growing as a field since the start of the 21st century, however, consensus on a workflow for data interpretation is lacking (Broadhurst and Kell, 2006; Scott et al., 2010; Lin et al., 2011). The combination of approaches applied in this study has successfully identified numerous patterns in discriminatory mass features. These masses can now be further analysed to determine full identifications. Along with the use of online portals designed to annotate and visualize metabolomic data such as www.plantcyc.org and www.metaboanalyst.ca/ (Zhang et al., 2010), a method is presented in this thesis that can be applied in future environmental metabolomic studies.  
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Fig. 1. Percentage total germination of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.

[image: Plot flowering time.pdf]
Fig. 2. Time of flowering of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.
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Fig. 3. Ripe fruit produced per plant of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.
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Fig. 4. Number of seed produced per plant (estimated) of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.
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Fig. 5. Number of seed produced per fruit of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.
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Fig. 6. Final height of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.
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Fig. 7. Dry weight of populations from five species, in both F1 generation (dark grey bars) and F2 generation (light grey bars) plants.





Table 1. Analysis of variance of generation and population effect on flowering time of five dune annual species
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Table 2. Analysis of variance of generation and population effect on production of fruit of five dune annual species
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Table 3. Analysis of variance of generation and population effect on seed produced per plant of five dune annual species
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Table 4. Analysis of variance of generation and population effect on seed produced per fruit of five dune annual species
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Table 5. Analysis of variance of generation and population effect on final height of five dune annual species
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Table 6. Analysis of variance of generation and population effect on dry weight of five dune annual species
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Average

Ma_nss PCA_Sco!-e Mass Putative Identification
Bin Contribution
| Value
a) Arenaria serpyllifolia
. 419.4 26.652 419.3596 Ergosterol, 6-Alpha-Hydroxycampestanol, 6-Deoxocathasterone
o E 507.4 23.793 507.4044 Lupeol acetate
=5 3754 21.541 375.3153 Prostaglandin-H2
§ § 393.4 20.268 393.3736 5-Dehydroavenasterol
463.4 20.23 463.3810 Nonacosan-10-ol
>~ 3914 -12.582 391.3698 Prostaglandin-H2
_g E 409.4 -9.27 409.3631 Cholesterol
"5 425.2 -6.424 425.2057 Robustadial A
©S 3924  -5507  392.3840 Dopaxanthin
=Y 410.4 -5.218 410.3919 Veratramine, Benzyladenine-7-N-Glucoside, Benzyladenine-9-N-Glucoside
b) Cerastium diffusum
341.2 22.453 341.2818 Ent-Kaurenoic Acid, Ent-7-Alpha-Hydroxykaurenoic Acid, 3'-Ketolactose, Leukotriene A4
= % 345.2 22.969 345.1880 Clusianose, Maltitol, Melibiitol
% -E 527.2 13.321  527.2688 Eudesobovatol A, Asiatic acid
o § 689.4 26.695 689.3486 Callichiline
705.4 31.744 705.3300 Cularine, S-Tetrahydrocolumbamine, Ajmalicine
-~ o 183 -1.769 183.0085 2-Oxoadipate, Tricholomic acid
g E 191 -2.752 191.0954 3-Dehydroquinate, Pyridoxamine, 3-Sulfinyl-Pyruvate, L-Alpha-Amino-y-Oxalyaminobutyric Acid
® S 245.2 -2.639 245.1846 Beta;-L-Fucose, Falcarinol, N1-Acetylspermine
§ § 352.2 -6.022 352.2270 Retrorsine, Senecionine N-oxide, Reticuline
611.4 -2.044 611.4263 2-Ketospirilloxanthin










Mass 

Bin

PCA Score 

Contribution

Average 

Mass 

Value

Putative Identification

419.4 26.652 419.3596

Ergosterol, 6-Alpha-Hydroxycampestanol, 6-Deoxocathasterone

507.4 23.793 507.4044

Lupeol acetate

375.4 21.541 375.3153

Prostaglandin-H2

393.4 20.268 393.3736

5-Dehydroavenasterol

463.4 20.23 463.3810

Nonacosan-10-ol

391.4 -12.582 391.3698

Prostaglandin-H2

409.4 -9.27 409.3631

Cholesterol

425.2 -6.424 425.2057

Robustadial A

392.4 -5.507 392.3840

Dopaxanthin

410.4 -5.218 410.3919

Veratramine, Benzyladenine-7-N-Glucoside, Benzyladenine-9-N-Glucoside

341.2 22.453 341.2818 Ent-Kaurenoic Acid, Ent-7-Alpha-Hydroxykaurenoic Acid, 3'-Ketolactose, Leukotriene A4

345.2 22.969 345.1880

Clusianose, Maltitol, Melibiitol

527.2 13.321 527.2688

Eudesobovatol A, Asiatic acid

689.4 26.695 689.3486

Callichiline

705.4 31.744 705.3300

Cularine, S-Tetrahydrocolumbamine, Ajmalicine

183 -1.769

183.0085

2-Oxoadipate, Tricholomic acid

191 -2.752

191.0954 3-Dehydroquinate, Pyridoxamine, 3-Sulfinyl-Pyruvate, L-Alpha-Amino-y-Oxalyaminobutyric Acid

245.2 -2.639

245.1846

Beta;-L-Fucose, Falcarinol, N1-Acetylspermine

352.2 -6.022 352.2270

Retrorsine, Senecionine N-oxide, Reticuline

611.4 -2.044

611.4263 2-Ketospirilloxanthin
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a) Arenaria serpyllifolia

b) Cerastium diffusum
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Mass PCA Score Average

Bin Contribution \l\;laalz.: Putative Identification
'c) Phleum arenarium

183 5.288 183.0855 Sorbitol, 4-Guanidino-Butanamide, Tryptamine, Mannitol

191 5.044 191.0777 Homogentisate, Xylitol, Pyridoxamine, 3-dehydroquinate

365.2 5.414 365.1835 Ajmaline, GA44, Xanthosine-5-Phosphate
381.2 5.653 381.1620 Pinoresinol
453.2 6.565 453.2183 Athamantin

Positively
contribute

-0 170 -4.504 170.0916 5-Amino-Levulinate, Glutamate-1-Semialdehyde, L-Proline, Leucine

g E 350.2 -3.621 350.2050 Riddelline, Spiradine A

® 5 352.2 -8.757 352.2077 Retrorsine, Senecionine N-oxide, Reticuline

§ § 353.2 -8.226 353.2026 Geranyl-Diphosphate, 5-phosphoribosyl-N-formylglycineamide, Prostaglandin E2, 7,8-Dihydropteroate

414.4 -5.363 414.4052 Dopaxanthin

d) Senecio vulgaris
336.2 17.003 336.1398 Senecionine, Spiroxamine, S-methyl-5'-thioadenosine

§§ 350.2 29.301 350.2012 Riddelline, Spiradine A

s T 3522 68.682 352.1347 Retrorsine, Senecionine N-oxide, Reticuline

§ § 353.2 32.853 353.1570 Geranyl-Diphosphate, 5-phosphoribosyl-N-formylglycineamide, Prostaglandin E2, 7,8-Dihydropteroate
414.4 13.6 414.3719 Dopaxanthin

-0 170 -2.031 170.0518 5-Amino-Levulinate, Glutamate-1-Semialdehyde, L-Proline, Leucine

g E 242.4 -3.21 242.3733 -

" 5 479.4 -5.104 479.3887 24-Methylcycloartenol

§ § 523.4 -3.388 523.4133 -

567.4 -3.001 567.4439 Phytoene

e) Veronica arvensis
170 41.009 170.0976 5-Amino-Levulinate, Glutamate-1-Semialdehyde, L-Proline, Leucine
170.6 21.281 170.5987 Sphinganine, dTMP, Leucodelphinidin
328.2 21.865 328.1799 Hyoscyamine
339.2 32.233 339.1829 Gibberellin A9, GA12-Aldehyde, N5-Carboxyaminoimidazole, Aminoimidazole
355.2 26.358 355.2798 Gibberellin A9, GA12-Aldehyde, Gibberellin A4, Gibberellin A12

Positively
contribute

435.4 -8.237 435.3717 Stigmasterol, 6-Deoxotyphasterol
479.4 -10.445 479.3864 Flavin Mononucleotide

523.4 -9.089 523.4175 -

524.4 -5.501 524.4145 -

567.4 -5.287 567.4126 Phytoene

Negatively
contribute










Mass 

Bin

PCA Score 

Contribution

Average 

Mass 

Value

Putative Identification

183 5.288 183.0855

Sorbitol, 4-Guanidino-Butanamide, Tryptamine, Mannitol

191 5.044 191.0777

Homogentisate, Xylitol, Pyridoxamine, 3-dehydroquinate

365.2 5.414 365.1835

Ajmaline, GA44, Xanthosine-5-Phosphate

381.2 5.653 381.1620

Pinoresinol

453.2 6.565 453.2183

Athamantin

170 -4.504 170.0916

5-Amino-Levulinate, Glutamate-1-Semialdehyde, L-Proline, Leucine

350.2 -3.621 350.2050

Riddelline, Spiradine A

352.2 -8.757 352.2077

Retrorsine, Senecionine N-oxide, Reticuline

353.2 -8.226 353.2026

Geranyl-Diphosphate, 5-phosphoribosyl-N-formylglycineamide, Prostaglandin E2, 7,8-Dihydropteroate

414.4 -5.363 414.4052

Dopaxanthin

336.2 17.003 336.1398

Senecionine, Spiroxamine, S-methyl-5'-thioadenosine

350.2 29.301 350.2012

Riddelline, Spiradine A

352.2 68.682 352.1347

Retrorsine, Senecionine N-oxide, Reticuline

353.2 32.853 353.1570

Geranyl-Diphosphate, 5-phosphoribosyl-N-formylglycineamide, Prostaglandin E2, 7,8-Dihydropteroate

414.4 13.6

414.3719

Dopaxanthin

170 -2.031 170.0518

5-Amino-Levulinate, Glutamate-1-Semialdehyde, L-Proline, Leucine

242.4 -3.21

242.3733 -

479.4 -5.104 479.3887

24-Methylcycloartenol

523.4 -3.388

523.4133 -

567.4 -3.001

567.4439

Phytoene

170 41.009 170.0976

5-Amino-Levulinate, Glutamate-1-Semialdehyde, L-Proline, Leucine

170.6 21.281 170.5987

Sphinganine, dTMP, Leucodelphinidin

328.2 21.865 328.1799

Hyoscyamine

339.2 32.233 339.1829

Gibberellin A9, GA12-Aldehyde, N5-Carboxyaminoimidazole, Aminoimidazole

355.2 26.358 355.2798

Gibberellin A9, GA12-Aldehyde, Gibberellin A4, Gibberellin A12

435.4 -8.237 435.3717

Stigmasterol, 6-Deoxotyphasterol

479.4 -10.445 479.3864

Flavin Mononucleotide

523.4 -9.089 523.4175

-

524.4 -5.501 524.4145

-

567.4 -5.287 567.4126

Phytoene
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c) Phleum arenarium

d) Senecio vulgaris

e) Veronica arvensis
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image21.emf
Compounds in Proportion of

Total
Species Pathway Compounds Pathway Pathway Raw p- FDR Impact
in Pathwa Significantly Significantly value
y Different Different

Arginine and proline metabolism 38 5 0.13 2.92E-10 1.23E-08 0.317

© %’ Cyanoamino acid metabolism 11 4 0.36 6.02E-08 1.57E-07 0
§ = Pyruvate metabolism 21 3 0.14 2.99E-09 1.40E-08 0.116
o § Alanine, aspartate and glutamate metabolism 22 3 0.14 1.14E-09 1.40E-08 0.603
< Q Glycolysis or Gluconeogenesis 25 3 0.12 2.99E-09 1.40E-08 0.001
Cysteine and methionine metabolism 34 3 0.09 6.2E-09 2.09E-08 0.022

£ Amino sugar and nucleotide sugar metabolism 41 3 0.07 2.15E-08 6.03E-08 0.121
S § Pentose and glucuronate interconversions 12 2 0.17 8.85E-10  5.90E-09  0.000
4@ § Ascorbate and aldarate metabolism 15 2 0.13 8.85E-10  5.90E-09 0.000
é :g Starch and sucrose metabolism 30 2 0.07 3.20E-11  6.39E-10 0.042
Biosynthesis of unsaturated fatty acids 42 2 0.05 1.56E-08 5.20E-08 0.000

e Amino sugar and nucleotide sugar metabolism 41 3 0.07 3.69E-09 1.08E-07 0.095

§ 3 Pentose phosphate pathway 18 3 0.17 5.25E-08 2.06E-07 0.426
Q9 § Zeatin biosynthesis 19 3 0.16 5.56E-08 2.06E-07 0.396
T g Terpenoid backbone biosynthesis 25 3 0.12 5.84E-09 1.08E-07 0.098
© Arginine and proline metabolism 38 3 0.08 1.50E-08 1.39E-07 0.130

o w

3 g Biosynthesis of unsaturated fatty acids 42 2 0.05 1.53E-07 3.07E-07 0.000
5-.)) § Purine metabolism 61 2 0.03 3.32E-11  3.98E-10 0.000
Purine metabolism 61 7 0.11 1.10E-12  1.33E-11 0.163

.S g Alanine, aspartate and glutamate metabolism 22 5 0.27 1.01E-13  4.93E-12 0.339
§ § Arginine and proline metabolism 38 5 0.16 1.63E-12 1.33E-11 0.163
N Histidine metabolism 16 4 0.25 1.52E-12 1.33E-11 0.488
Aminoacyl-tRNA biosynthesis 67 4 0.06 6.07E-13  1.33E-11  0.000









Species  Pathway

Total 

Compounds 

in Pathway

Compounds in 

Pathway 

Significantly 

Different   

Proportion of 

Pathway 

Significantly 

Different

Raw	p-

value

FDR Impact

Arginine	and	proline	metabolism 38 5 0.13 2.92E-10 1.23E-08 0.317

Cyanoamino	acid	metabolism 11 4 0.36 6.02E-08 1.57E-07 0

Pyruvate	metabolism 21 3 0.14 2.99E-09 1.40E-08 0.116

Alanine,	aspartate	and	glutamate	metabolism 22 3 0.14 1.14E-09 1.40E-08 0.603

Glycolysis	or	Gluconeogenesis 25 3 0.12 2.99E-09 1.40E-08 0.001

Cysteine	and	methionine	metabolism 34 3 0.09 6.2E-09 2.09E-08 0.022

Amino	sugar	and	nucleotide	sugar	metabolism 41 3 0.07 2.15E-08 6.03E-08 0.121

Pentose	and	glucuronate	interconversions 12 2 0.17 8.85E-10 5.90E-09 0.000

Ascorbate	and	aldarate	metabolism 15 2 0.13 8.85E-10 5.90E-09 0.000

Starch	and	sucrose	metabolism 30 2 0.07 3.20E-11 6.39E-10 0.042

Biosynthesis	of	unsaturated	fatty	acids 42 2 0.05 1.56E-08 5.20E-08 0.000

Amino	sugar	and	nucleotide	sugar	metabolism 41 3 0.07 3.69E-09 1.08E-07 0.095

Pentose	phosphate	pathway 18 3 0.17 5.25E-08 2.06E-07 0.426

Zeatin	biosynthesis 19 3 0.16 5.56E-08 2.06E-07 0.396

Terpenoid	backbone	biosynthesis 25 3 0.12 5.84E-09 1.08E-07 0.098

Arginine	and	proline	metabolism 38 3 0.08 1.50E-08 1.39E-07 0.130

Biosynthesis	of	unsaturated	fatty	acids 42 2 0.05 1.53E-07 3.07E-07 0.000

Purine	metabolism 61 2 0.03 3.32E-11 3.98E-10 0.000

Purine	metabolism 61 7 0.11 1.10E-12 1.33E-11 0.163

Alanine,	aspartate	and	glutamate	metabolism 22 5 0.27 1.01E-13 4.93E-12 0.339

Arginine	and	proline	metabolism 38 5 0.16 1.63E-12 1.33E-11 0.163

Histidine	metabolism 16 4 0.25 1.52E-12 1.33E-11 0.488

Aminoacyl-tRNA	biosynthesis 67 4 0.06 6.07E-13 1.33E-11 0.000
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Direction of

. . Average . . egr e
Species Mass Bin p-value FDR concentraction Putative Identifications
Accurate Mass .
difference
| p 266.1382 / . .. N .
A. serpyllifolia  266.2 966.2507 4.544E-06 0.0028 Frl A Guanosine, Abscisic Aldehyde, Xanthoxin, Dihydrozeatin
A. serpyllifolia 110 110.050 4.187E-05 0.0097 Frl A 4-Aminobutyraldehyde
A. serpyllifolia  302.2 302.209 4.771E-05 0.0097 Frl A Scopolamine, N-Acetyl-Alpha;-D-Galactosamine, N-Acetyl-Glucosamine-1-Phosphate
A. serpyllifolia 134 134.061 8.650E-05 0.0132 Frland GB2 AN Aspartate, Cytosine, Histamine
A. serpyllifolia  369.2 369.186 1.600E-04 0.0195 FrlandFr3 AN GA24, Prostaglandin G
A. serpyllifolia  252.2 252.143 2.744E-04 0.0253 Frl A Muramic acid, Deoxyadenosine
A. serpyllifolia  321.2 321.206 2.901E-04 0.0253 FrlandGB2 A\ Elaidic acid, Oleic acid
A. serpyllifolia 126 126.066 5.304E-04 0.0405 FrlandGB2 AN 4-Aminobutyraldehyde, GABA
C. diffusum 201.2 201.157 1.970E-05 0.0074 Fr4 A Lauric acid, 4-Fumaryl-Acetoacetate,
C. diffusum 261.2 261.169 4.422E-04 0.0254 Frd A Falcarinidiol, D-Hexose,D-Mannose-6-Phosphate, Inositol, D-Fructose-6-Phosphate
C. diffusum 274.4 274.338 3.165E-04 0.0233 Fr4 N No ID Available
C. diffusum 284.4 284.324 1.027E-04 0.0130 Fra WV Sphinganine
C. diffusum 305.2 305.210 9.269E-04 0.0451 Fr4 A Ent-kaurenic acid, Oleic acid
C. diffusum 307.2 307.186 1.007E-04 0.0130 Fr4 A Retinal, Stearic acid
C. diffusum 308.2 308.200 3.899E-04 0.0246 Fr4 A 4-Guanidinobutyrate, Hexanedioic acid
C. diffusum 341.2 341.184 3.322E-04 0.0233 Frd WV Ent-kaurenoic acid, Leukotriene A4
C. diffusum 387.2 387.237 4.819E-05 0.0102 Fr4 A Xanthosine-5-phosphate
C. diffusum 404.4 404.320 5.649E-04 0.0298 Frd A Isopentenyladenine-9-N-glucoside
C. diffusum 516.2 516.259 2.790E-04 0.0233 Frl N No ID Available
C. diffusum 597.8 597.803 2.343E-05 0.0074 Frl A No ID Available
C. diffusum 678.8 678.824 2.658E-04 0.0233 Frl N No ID Available
P. arenarium 305.4 2.106E-07 0.0002 Frd A Oleic acid
S. vulgaris - - - - -

V. arvense - - - - -










Species Mass	Bin

Average	

Accurate	Mass

p-value FDR Putative	Identifications

A.	serpyllifolia 266.2

266.1382	/	

266.2507

4.544E-06 0.0028 Fr1

é

Guanosine,	Abscisic	Aldehyde,	Xanthoxin,	Dihydrozeatin

A.	serpyllifolia 110 110.050 4.187E-05 0.0097 Fr1

é

4-Aminobutyraldehyde

A.	serpyllifolia 302.2 302.209 4.771E-05 0.0097 Fr1

é

Scopolamine,	N-Acetyl-Alpha;-D-Galactosamine,	N-Acetyl-Glucosamine-1-Phosphate

A.	serpyllifolia 134 134.061 8.650E-05 0.0132 Fr1	and	GB2

é

Aspartate,	Cytosine,	Histamine

A.	serpyllifolia 369.2 369.186 1.600E-04 0.0195 Fr1	and	Fr3

é

GA24,	Prostaglandin	G

A.	serpyllifolia 252.2 252.143 2.744E-04 0.0253 Fr1

é

Muramic	acid,	Deoxyadenosine

A.	serpyllifolia 321.2 321.206 2.901E-04 0.0253 Fr1	and	GB2

é

Elaidic	acid,	Oleic	acid

A.	serpyllifolia 126 126.066 5.304E-04 0.0405 Fr1	and	GB2

é

4-Aminobutyraldehyde,	GABA

C.	diffusum 201.2 201.157 1.970E-05 0.0074 Fr4

é

Lauric	acid,	4-Fumaryl-Acetoacetate,	

C.	diffusum 261.2 261.169 4.422E-04 0.0254 Fr4

é

Falcarinidiol,	D-Hexose,D-Mannose-6-Phosphate,	Inositol,	D-Fructose-6-Phosphate

C.	diffusum 274.4 274.338 3.165E-04 0.0233 Fr4

é

No	ID	Available	

C.	diffusum 284.4 284.324 1.027E-04 0.0130 Fr4

 ê

Sphinganine

C.	diffusum 305.2 305.210 9.269E-04 0.0451 Fr4

é

Ent-kaurenic	acid,	Oleic	acid

C.	diffusum 307.2 307.186 1.007E-04 0.0130 Fr4

é

Retinal,	Stearic	acid

C.	diffusum 308.2 308.200 3.899E-04 0.0246 Fr4

é

4-Guanidinobutyrate,	Hexanedioic	acid

C.	diffusum 341.2 341.184 3.322E-04 0.0233 Fr4

 ê

Ent-kaurenoic	acid,	Leukotriene	A4

C.	diffusum 387.2 387.237 4.819E-05 0.0102 Fr4

é

Xanthosine-5-phosphate

C.	diffusum 404.4 404.320 5.649E-04 0.0298 Fr4

é

Isopentenyladenine-9-N-glucoside

C.	diffusum 516.2 516.259 2.790E-04 0.0233 Fr1

é

No	ID	Available	

C.	diffusum 597.8 597.803 2.343E-05 0.0074 Fr1

é

No	ID	Available	

C.	diffusum 678.8 678.824 2.658E-04 0.0233 Fr1

é

No	ID	Available	

P.	arenarium 305.4 2.106E-07 0.0002 Fr4

é

Oleic	acid

S.	vulgaris - - - - -

V.	arvense - - - - -

Direction	of	

concentraction	

difference
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. Total Fompounds Proportion
Species POPUIE_‘tl,on Pathway Compounds n P.a .thway 9f P.a.t hway Raw p- FDR Impact
of Origin in Pathway Significantly Significantly value
Different Different
S GB2 Alanine, aspartate and glutamate metabolism 22 2 0.09 0.0083 0.0270 0.2012
% Norfolk Arginine and proline metabolism 38 2 0.05 0.0124 0.0270 0.0000
= (Lat. 52.58)
2
v Cysteine and methionine metabolism 34 4 0.12 0.0063 0.0424 0.1506
.g Frl Purine metabolism 61 3 0.05 0.0003 0.0099 0.0107
g Aquitaine Arginine and proline metabolism 38 3 0.08 0.0048 0.0424 0.0182
o (Lat. 43.34) Glycine, serine and threonine metabolism 30 2 0.07 0.0057 0.0424 0.0533
< Lysine biosynthesis 10 2 0.20 0.0103 0.0424 0.2593
Amino sugar and nucleotide sugar metabolism 41 4 0.10 0.0094 0.0570 0.1206
§ Fr4 Biosynthesis of unsaturated fatty acids 42 4 0.10 0.0181 0.0570 0.0000
é Normandie Fatty acid biosynthesis 49 3 0.06 0.0322 0.0570 0.0000
7'.3‘ (Lat. 49.23) Starch and sucrose metabolism 30 2 0.07 0.0120 0.0570 0.2561
S Glutathione metabolism 26 2 0.08 0.0206 0.0570 0.0803
.g
3 Frl
E Aquitaine No Pathway Matches
(Lat. 43.34)
g § Fr3 Pentose phosphate pathway 18 2 0.11 0.4292 0.8188 0.3014
3 'g Bretagne Zeatin biosynthesis 19 2 0.11 0.3680 0.8188 0.3957
< 5 (Lat. 47.36) Terpenoid backbone biosynthesis 25 2 0.08 0.0841 0.6340 0.0768
e S Valine, leucine and isoleucine biosynthesis 26 2 0.08 0.1790 0.6340 0.0339










Species

Population	

of	Origin

Pathway

Total	

Compounds	

in	Pathway

Compounds	

in	Pathway		

Significantly	

Different

Proportion	

of	Pathway	

Significantly	

Different

Raw	p-

value

FDR Impact

GB2 Alanine,	aspartate	and	glutamate	metabolism 22 2 0.09 0.0083 0.0270 0.2012

Norfolk Arginine	and	proline	metabolism 38 2 0.05 0.0124 0.0270 0.0000

(Lat.	52.58)

Cysteine	and	methionine	metabolism 34 4 0.12 0.0063 0.0424 0.1506

Fr1 Purine	metabolism 61 3 0.05 0.0003 0.0099 0.0107

Aquitaine Arginine	and	proline	metabolism 38 3 0.08 0.0048 0.0424 0.0182

(Lat.	43.34) Glycine,	serine	and	threonine	metabolism 30 2 0.07 0.0057 0.0424 0.0533

Lysine	biosynthesis 10 2 0.20 0.0103 0.0424 0.2593

Amino	sugar	and	nucleotide	sugar	metabolism 41 4 0.10 0.0094 0.0570 0.1206

Fr4 Biosynthesis	of	unsaturated	fatty	acids 42 4 0.10 0.0181 0.0570 0.0000

Normandie Fatty	acid	biosynthesis 49 3 0.06 0.0322 0.0570 0.0000

(Lat.	49.23) Starch	and	sucrose	metabolism 30 2 0.07 0.0120 0.0570 0.2561

Glutathione	metabolism 26 2 0.08 0.0206 0.0570 0.0803

Fr1

Aquitaine No	Pathway	Matches

(Lat.	43.34)

Fr3 Pentose	phosphate	pathway 18 2 0.11 0.4292 0.8188 0.3014

Bretagne Zeatin	biosynthesis 19 2 0.11 0.3680 0.8188 0.3957

(Lat.	47.36) Terpenoid	backbone	biosynthesis 25 2 0.08 0.0841 0.6340 0.0768

Valine,	leucine	and	isoleucine	biosynthesis 26 2 0.08 0.1790 0.6340 0.0339
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ati Total Fompounds Proportion
Species Popu a.lt{on Pathway Compounds n P.a .thway 9f P.a.t hway Raw p- FDR Impact
of Origin in Pathway Significantly Significantly value
Different Different

Arginine and proline metabolism 38 4 0.11 0.0272 0.0725 0.1673
Isoquinoline alkaloid biosynthesis 6 3 0.50 0.0217 0.0725 0.5000
“ Fr4 Tyrosine metabolism 18 3 0.17 0.0217 0.0725 0.5000
.g Normandie Tryptophan metabolism 27 2 0.07 0.0314 0.0725 0.1177
g’ (Lat. 49.23) Phenylalanine, tyrosine and tryptophan biosynthesis 21 2 0.10 0.0453 0.0725 0.1089
> Galactose metabolism 26 2 0.08 0.0494 0.0725 0.0508
-3 Glyoxylate and dicarboxylate metabolism 17 2 0.12 0.0513 0.0725 0.3095
% Citrate cycle (TCA cycle) 20 2 0.10 0.0513 0.0725 0.1480

@ Fr3

Bretagne No Pathway Matches
(Lat. 47.36)

§ Citrate cycle (TCA cycle) 20 4 0.20 0.0202 0.0512 0.3300
v Fr4 Purine metabolism 61 4 0.07 0.0217 0.0512 0.1927
S Normandie Arginine and proline metabolism 38 4 0.11 0.0240 0.0512 0.1455
.g (Lat. 49.23) Alanine, aspartate and glutamate metabolism 22 3 0.14 0.0177 0.0512 0.4081
§ Pyrimidine metabolism 38 3 0.08 0.0207 0.0512 0.0123
S Steroid biosynthesis 36 3 0.08 0.0233 0.0512 0.0638
> Tyrosine metabolism 18 3 0.17 0.0288 0.0512 0.4546










Species

Population	

of	Origin

Pathway

Total	

Compounds	

in	Pathway

Compounds	

in	Pathway		

Significantly	

Different

Proportion	

of	Pathway	

Significantly	

Different

Raw	p-

value

FDR Impact

Arginine	and	proline	metabolism 38 4 0.11 0.0272 0.0725 0.1673

Isoquinoline	alkaloid	biosynthesis 6 3 0.50 0.0217 0.0725 0.5000

Fr4 Tyrosine	metabolism 18 3 0.17 0.0217 0.0725 0.5000

Normandie Tryptophan	metabolism 27 2 0.07 0.0314 0.0725 0.1177

(Lat.	49.23) Phenylalanine,	tyrosine	and	tryptophan	biosynthesis 21 2 0.10 0.0453 0.0725 0.1089

Galactose	metabolism 26 2 0.08 0.0494 0.0725 0.0508

Glyoxylate	and	dicarboxylate	metabolism 17 2 0.12 0.0513 0.0725 0.3095

Citrate	cycle	(TCA	cycle) 20 2 0.10 0.0513 0.0725 0.1480

Fr3

Bretagne No	Pathway	Matches

(Lat.	47.36)

Citrate	cycle	(TCA	cycle) 20 4 0.20 0.0202 0.0512 0.3300

Fr4 Purine	metabolism 61 4 0.07 0.0217 0.0512 0.1927

Normandie Arginine	and	proline	metabolism 38 4 0.11 0.0240 0.0512 0.1455

(Lat.	49.23) Alanine,	aspartate	and	glutamate	metabolism 22 3 0.14 0.0177 0.0512 0.4081

Pyrimidine	metabolism 38 3 0.08 0.0207 0.0512 0.0123

Steroid	biosynthesis 36 3 0.08 0.0233 0.0512 0.0638

Tyrosine	metabolism 18 3 0.17 0.0288 0.0512 0.4546
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GB2
Norfolk
(Lat. 52.58)

GB1
Cornwall
(Lat. 50.21)

Population of Origin

Frd Fr3
Normandie Bretagne
(Lat. 49.23) (Lat. 47.36)

Fr2
Vendee
(Lat. 46.25)

Frl
Aquitaine
(Lat. 43.34)

Species

Alanine, aspartate and glutamate metabolism
Arginine and proline metabolism

7

Amino sugar and nucleotide sugar metabolism
Starch and sucrose metabolism
Biosynthesis of unsaturated fatty acids
Fatty acid biosynthesis
Glutathione metabolism
Valine, leucine and isoleucine biosynthesis
Pentose phosphate pathway
Terpenoid backbone biosynthesis
Zeatin biosynthesis

Arginine and proline metabolism
Phenylalanine, tyrosine and tryptophan biosynthesis
Tryptophan metabolism
Tyrosine metabolism
Isoquinoline alkaloid biosynthesis
Citrate cycle (TCA cycle)

Galactose metabolism
Glyoxylate and dicarboxylate metabolism

Alanine, aspartate and glutamate metabolism
Arginine and proline metabolism
Tyrosine metabolism
Citrate cycle (TCA cycle)

Steroid biosynthesis
Purine metabolism
Pyrimidine metabolism

2,

Arginine and proline metabolism
Cysteine and methionine metabolism

Glycine, serine and threonine metabolism

Lysine biosynthesis
Purine metabolism

7,

7










GB2 GB1 Fr4 Fr3 Fr2

Fr1

Norfolk Cornwall Normandie Bretagne Vendee

Aquitaine

(Lat.	52.58) (Lat.	50.21) (Lat.	49.23) (Lat.	47.36) (Lat.	46.25) (Lat.	43.34)
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Arginine	and	proline	metabolism

Alanine,	aspartate	and	glutamate	metabolism Cysteine	and	methionine	metabolism

Arginine	and	proline	metabolism Glycine,	serine	and	threonine	metabolism

Lysine	biosynthesis

Purine	metabolism
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Amino	sugar	and	nucleotide	sugar	metabolism

Starch	and	sucrose	metabolism

Biosynthesis	of	unsaturated	fatty	acids

Fatty	acid	biosynthesis

Glutathione	metabolism
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Valine,	leucine	and	isoleucine	biosynthesis

Pentose	phosphate	pathway

Terpenoid	backbone	biosynthesis

Zeatin	biosynthesis

S

p

e

c

i

e

s

P

.

	

a

r

e

n

a

r

i

u

m

S

.

	

v

u

l

g

a

r

i

s

M

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

b

u

t

	

n

o

	

m

a

t

c

h

i

n

g

	

p

a

t

h

w

a

y

s

N

o

	

m

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

o

f

	

p

o

p

u

l

a

t

i

o

n

N

o

	

m

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

o

f

	

p

o

p

u

l

a

t

i

o

n

N

o

	

m

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

o

f

	

p

o

p

u

l

a

t

i

o

n

N

o

	

m

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

o

f

	

p

o

p

u

l

a

t

i

o

n

Arginine	and	proline	metabolism

Phenylalanine,	tyrosine	and	tryptophan	biosynthesis

Tryptophan	metabolism

Tyrosine	metabolism

Isoquinoline	alkaloid	biosynthesis

Citrate	cycle	(TCA	cycle)

Galactose	metabolism

Glyoxylate	and	dicarboxylate	metabolism

S

p

e

c

i

e

s

S

.

	

v

u

l

g

a

r

i

s

V

.

	

a

r

v

e

n

s

i

s

M

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

b

u

t

	

n

o

	

m

a

t

c

h

i

n

g

	

p

a

t

h

w

a

y

s

N

o

	

m

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

o

f

	

p

o

p

u

l

a

t

i

o

n

Alanine,	aspartate	and	glutamate	metabolism

Arginine	and	proline	metabolism

Tyrosine	metabolism

Citrate	cycle	(TCA	cycle)

Steroid	biosynthesis

Purine	metabolism

Pyrimidine	metabolism

S

p

e

c

i

e

s

V

.

	

a

r

v

e

n

s

i

s

N

o

	

m

e

t

a

b

o

l

i

c

	

d

i

f

f

e

r

e

n

t

i

a

t

i

o

n

	

o

f

	

p

o

p

u

l

a

t

i

o

n


image31.png
No. of individuals

No. of individuals

% perennial cover

2 © 6 8 10 12

o

5w 2

10

0 4 & 8 100

o

A. serpyllofolia C. diffusum E. cicutarium

8- %
5 a1
1 9 1]
H g i=
t L
o2 oB R 2 Fa o2 cB R o o2 o8 R 2
sto sto sto
P. arenarium V. arvensis Grazing intensity
5
s
2 81
. 3
i i
isd 7s
H i
5 g4
s g
&

o2 o8 R o o2 oB R o o2 cB R o
sto sto sto
Persnrial cover Moss cover Lichen cover

g g
B Notiiacng
s s 3 Seumfacnd
g g
8 2 8 2
i, i,
B B
o2 B R 2 i o2 B R 2 i o2 oB R 2

s s s




image32.jpg
PC2: 11.8%

AGB21CRER1

AGB2

500}
e ARS AFr4 4GRAGEIB2
1 AFr4  AFr4
-1000¢ AFI2 T 4FrAFR2 ARES
15001
-2000
2000 1500  -1000 500 0 500 1000 1500 2000
PC1:16.5%

Point A A
Site code GB GB1
Site location| Norfolk Cornwall |Normandie| Bretagne Vendee Aquitaine

Latitude 52.58 50.21 49.23 47.36 46.25 43.34




image33.jpg
p(corr)[1]

1400

1200

1000

8007

6007

400

200

to[1

-200

-400

-60071

-800

-1000

-1200

-1400

AGB2

-1600
-2000

-1500

+ + + + +

<1000 -500 0 500 1000 1500
1]

[ Pomt | & [ a4 [ 4} 4 ] a4 [ a4 |
G Fra Fr3 Fr2 Fri

Site code

B2 GB1

Site location

Latitude 52.58 50.21 49.23 47 .36 46.25 43.34

Norfolk

Cornwall Vendee Aquitaine

08t e = 4261
« g fi3 01428
| ot 43071428050
06 5: 3 o
: it dany
T '?v Ly
0471 "v;.v_: :
| R 3‘ at
021 :. asd &
1 44
-0.27
-0.47
067 ;
1453 144354 4483
T +414 45337 +416
08t + + + + + + + + + + + + + + + + + + + + + + + +

-025 -020 -0.15 -0.10 -0.05 -000 005 010 015 020 025 030 035

p[1]





image34.emf
Average ANOVA

Mass bin Accurate pl1] p(corr)[1] p-value Ig)hg Fold Putative Identifications
Mass (FDR) ange

414 413.929 -0.252 -0.709 0.0004 -1.624  2-phosphoglycerate
0 453 453.046 -0.243 -0.664 0.0015 -1.727  riboflavin, dADP, salicyloyl-CoA
g 219 219.025 -0.141 -0.496 0.0223 -0.826  fructose, galactose, glucose, mannose, sorbose
o 413 413.053 -0.140 -0.647 0.0004 -1.362  5-phosphoribosyl
S 455 455.024 -0.140 -0.737 0.0000 -1.398  ADP, succinyl-CoA
:"E‘ 454 454.038 -0.125 -0.651 0.0027 -1.682  5-phosphoribosyl 1-pyrophosphate, glucotropeolin
© 337 337.021 -0.119 -0.731 0.0000 -1.099  5-phosphoribosyl-N-formylglycinamide, geranyl diphosphate

189 189.003 -0.109 -0.514 0.0165 -0.789  ribose, xylose

261 260.987 0.339 0.795 0.0006 1.395 cystathionine, flavone

305 304.975 0.221 0.824 0.0000 2.383 1-3-diphosphateglycerate
" 262 262.032 0.138 0.814 0.0002 1.229 D-sorbitol-6-phosphate, mannitol-1-phosphate
‘g 371 371.032 0.137 0.659 0.0012 0.953 IMP
o 259 259.019 0.131 0.705 0.0113 0.763 glucono-1-5-lactone-6-phosphate, Jasminine, 5-hydroxy-L-tryptophan
S 289 289.049 0.109 0.726 0.0002 1.249 1-3-diphosphateglycerate, 3-deoxy-D-arabino-heptulosonate-7-phosphate
q:_, 185 185.004 0.086 0.619 0.0041 1.038 2-oxoglutarate, alpha-ketoglutaric acid, glutamine, Allicin
= 349 349.032 0.084 0.649 0.0010 0.707 ribose-1-5-bisphosphate, IMP

306 306.019 0.083 0.850 0.0000 2.390 2-3-cyclic CMP, adenosine

217 217.005 0.081 0.892 0.0000 1.454 Esculetin, fructuronate, glucuronate









Mass	bin

Average	

Accurate	

Mass

p[1] p(corr)[1]

ANOVA	

p-value	

(FDR)

Log	Fold	

Change

Putative	Identifications

414 413.929 -0.252 -0.709 0.0004 -1.624 2-phosphoglycerate

453 453.046 -0.243 -0.664 0.0015 -1.727 riboflavin,	dADP,	salicyloyl-CoA

219 219.025 -0.141 -0.496 0.0223 -0.826 fructose,	galactose,	glucose,	mannose,	sorbose

413 413.053 -0.140 -0.647 0.0004 -1.362 5-phosphoribosyl

455 455.024 -0.140 -0.737 0.0000 -1.398 ADP,	succinyl-CoA

454 454.038 -0.125 -0.651 0.0027 -1.682 5-phosphoribosyl	1-pyrophosphate,	glucotropeolin

337 337.021 -0.119 -0.731 0.0000 -1.099 5-phosphoribosyl-N-formylglycinamide,	geranyl	diphosphate

189 189.003 -0.109 -0.514 0.0165 -0.789 ribose,	xylose

261 260.987 0.339 0.795 0.0006 1.395 cystathionine,	flavone

305 304.975 0.221 0.824 0.0000 2.383 1-3-diphosphateglycerate

262 262.032 0.138 0.814 0.0002 1.229 D-sorbitol-6-phosphate,	mannitol-1-phosphate

371 371.032 0.137 0.659 0.0012 0.953 IMP

259 259.019 0.131 0.705 0.0113 0.763 glucono-1-5-lactone-6-phosphate,	Jasminine,	5-hydroxy-L-tryptophan

289 289.049 0.109 0.726 0.0002 1.249 1-3-diphosphateglycerate,	3-deoxy-D-arabino-heptulosonate-7-phosphate

185 185.004 0.086 0.619 0.0041 1.038 2-oxoglutarate,	alpha-ketoglutaric	acid,	glutamine,	Allicin

349 349.032 0.084 0.649 0.0010 0.707 ribose-1-5-bisphosphate,	IMP

306 306.019 0.083 0.850 0.0000 2.390 2-3-cyclic	CMP,	adenosine

217 217.005 0.081 0.892 0.0000 1.454 Esculetin,	fructuronate,	glucuronate
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image36.emf
Total

Compounds

Proportion of

Pathway Compounds in Pathway .Pa'.d'.nway Raw p- FDR Impact
in Pathway (OPLS) Slgfuflcantly value
Different
Phenylalanine, tyrosine and tryptophan biosynthesis 21 3 0.14 <0.001 0.001 0.28675

@ Pentose phosphate pathway 18 2 0.11 <0.001 <0.001 0

r_‘t:: Fructose and mannose metabolism 16 2 0.13 0.001 0.002 0
: Galactose metabolism 26 2 0.08 0.001 0.002 0.0628
;.3 Ubiquinone and other terpenoid-quinone biosynthesis 23 2 0.09 0.001 0.002 0.15885
@ Phenylpropanoid biosynthesis 45 2 0.04 0.001 0.002 0.05815

Ascorbate and aldarate metabolism 15 2 0.13 0.001 0.002 0
Phenylpropanoid biosynthesis 45 5 0.11 <0.001 <0.001 0.21909
Pyrimidine metabolism 38 4 0.11 <0.001 <0.001 0.10829
Purine metabolism 61 3 0.05 <0.001 <0.001 0.17748
.g Citrate cycle (TCA cycle) 20 3 0.15 <0.001 <0.001 0.19038
© Flavonoid biosynthesis 43 3 0.07 <0.001 <0.001 0.11751
: Alanine, aspartate and glutamate metabolism 22 3 0.14 <0.001 <0.001 0.73563
§ Arginine and proline metabolism 38 3 0.08 <0.001 <0.001 0.26856
e Terpenoid backbone biosynthesis 25 3 0.12 <0.001 <0.001 0.21839
Glycine, serine and threonine metabolism 30 3 0.10 <0.001 <0.001 0.08121

Nitrogen metabolism 15 3 0.20 <0.001 <0.001 0

Phenylalanine, tyrosine and tryptophan biosynthesis 21 3 0.14 <0.001 <0.001 0









Pathway

Total	

Compounds	

in	Pathway

Compounds	

in	Pathway	

(OPLS)

Proportion	of	

Pathway	

Significantly	

Different

Raw	p-

value

FDR Impact

Phenylalanine,	tyrosine	and	tryptophan	biosynthesis 21 3 0.14 <0.001 0.001 0.28675

Pentose	phosphate	pathway 18 2 0.11 <0.001 <0.001 0

Fructose	and	mannose	metabolism 16 2 0.13 0.001 0.002 0

Galactose	metabolism 26 2 0.08 0.001 0.002 0.0628

Ubiquinone	and	other	terpenoid-quinone	biosynthesis 23 2 0.09 0.001 0.002 0.15885

Phenylpropanoid	biosynthesis 45 2 0.04 0.001 0.002 0.05815

Ascorbate	and	aldarate	metabolism 15 2 0.13 0.001 0.002 0

Phenylpropanoid	biosynthesis 45 5 0.11 <0.001 <0.001 0.21909

Pyrimidine	metabolism 38 4 0.11 <0.001 <0.001 0.10829

Purine	metabolism 61 3 0.05 <0.001 <0.001 0.17748

Citrate	cycle	(TCA	cycle) 20 3 0.15 <0.001 <0.001 0.19038

Flavonoid	biosynthesis 43 3 0.07 <0.001 <0.001 0.11751

Alanine,	aspartate	and	glutamate	metabolism 22 3 0.14 <0.001 <0.001 0.73563

Arginine	and	proline	metabolism 38 3 0.08 <0.001 <0.001 0.26856

Terpenoid	backbone	biosynthesis 25 3 0.12 <0.001 <0.001 0.21839

Glycine,	serine	and	threonine	metabolism 30 3 0.10 <0.001 <0.001 0.08121

Nitrogen	metabolism 15 3 0.20 <0.001 <0.001 0

Phenylalanine,	tyrosine	and	tryptophan	biosynthesis 21 3 0.14 <0.001 <0.001 0
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Species Predictor df Sum Sq Mean Sq F value P (> Chi)
A. serpyllifolia Generation 1 0.00 0.001 0.05 0.836
Error 4 0.05 0.01
Population 5 0.64 0.13 13.82 <0.001 Hokok
Gen * Pop 5 0.20 0.04 4.40 <0.001 *kk
Error 20 0.18 0.01
C. diffusum Generation 1 0.15 0.15 204.70 <0.001 HAH
Error 4 0.00 0.00
Population 4 0.61 0.15 310.46 <0.001 *kk
Gen * Pop 3 0.03 0.01 18.31 <0.001 ok
Error 14 0.01 0.00
P. arenarium Generation 1 0.10 0.10 30.56 0.005 Hk
Error 4 0.01 0.003
Population 4 0.50 0.13 56.34 <0.001 ok
Gen * Pop 4 0.02 0.00 2.04 0.138
Error 16 0.04 0.00
S. vulgaris Generation 1 0.02 0.02 301 0.158
Error 4 0.02 0.01
Population 2 0.68 0.23 53.79 <0.001 ook
Gen * Pop 2 0.03 0.01 343 0.073
Error 10 0.04 0.00
V. arvensis Generation 1 0.013 0.01 2.62 0.181
Error 4 0.02 0.004
Population 3 0.65 0.22 53.14 <0.001 Hokok
Gen * Pop 2 0.01 0.01 1.59 0.252
Error 10 0.04 0.004










  Species  Predictor  df  Sum Sq  Mean Sq  F value  P (> Chi)   

  A. serpyllifolia  Generation  1  0.00  0.001  0.05  0.836   

    Error  4  0.05  0.01       

    Population  5  0.64  0.13  13.82  <0.001  *** 

    Gen * Pop  5  0.20  0.04  4.40  <0.001  *** 

    Error  20  0.18  0.01         

  C. diffusum  Generation  1  0.15  0.15  204.70  <0.001  *** 

    Error  4  0.00  0.00       

    Population  4  0.61  0.15  310.46  <0.001  *** 

    Gen * Pop  3  0.03  0.01  18.31  <0.001  *** 

    Error  14  0.01  0.00         

  P. arenarium  Generation  1  0.10  0.10  30.56  0.005  ** 

    Error  4  0.01  0.003       

    Population  4  0.50  0.13  56.34  <0.001  *** 

    Gen * Pop  4  0.02  0.00  2.04  0.138   

    Error  16  0.04  0.00         

  S. vulgaris  Generation  1  0.02  0.02  3.01  0.158   

    Error  4  0.02  0.01       

    Population  2  0.68  0.23  53.79  <0.001  *** 

    Gen * Pop  2  0.03  0.01  3.43  0.073  . 

    Error  10  0.04  0.00       

  V. arvensis  Generation  1  0.013  0.01  2.62  0.181   

    Error  4  0.02  0.004       

    Population  3  0.65  0.22  53.14  <0.001  *** 

    Gen * Pop  2  0.01  0.01  1.59  0.252   

    Error  10  0.04  0.004       
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Species Predictor df Sum Sq Mean Sq F value P (> Chi)
A. serpyllifolia Generation 1 3.31 331 4.54 0.100
Error 4 291 0.73
Population 5 4.15 0.83 5.62 0.002 *k
Gen * Pop 5 1.34 0.27 1.81 0.157
Error 20 2.96 0.15
C. diffusum Generation 1 0.48 048 3.08 0.154
Error 4 0.62 0.15
Population 4 0.70 0.17 2.05 0.142
Gen * Pop 3 1.81 0.60 7.07 0.004 *%
Error 14 1.19 0.09
P. arenarium Generation 1 0.20 0.20 542 0.080
Error 4 0.15 0.04
Population 4 6.61 1.65 162.04 <0.001 ok
Gen * Pop 4 041 0.10 9.96 <0.001 Hokx
Error 16 0.16 0.01
S. vulgaris Generation 1 0.10 0.09 0.95 0.384
Error 4 0.40 0.10
Population 3 2.49 0.83 7.20 0.007 Hok
Gen * Pop 2 0.52 0.26 2.25 0.156
Error 10 1.15 0.12
V. arvensis Generation 1 0.3886 0.3886 1045 0.0319 *
Error 4 0.1487 0.0372
Population 3 2.3053 0.7684 4725 0.0265 *
Gen * Pop 2 0.2301 0.1150 0.707 0.5160
Error 10 1.6264 0.1626










  Species  Predictor  df  Sum Sq  Mean Sq  F value  P (> Chi)   

  A. serpyllifolia  Generation  1  3.31  3.31  4.54  0.100   

    Error  4  2.91  0.73       

    Population  5  4.15  0.83  5.62  0.002  ** 

    Gen * Pop  5  1.34  0.27  1.81  0.157   

    Error  20  2.96  0.15         

  C. diffusum  Generation  1  0.48  0.48  3.08  0.154   

    Error  4  0.62  0.15       

    Population  4  0.70  0.17  2.05  0.142   

    Gen * Pop  3  1.81  0.60  7.07  0.004  ** 

    Error  14  1.19  0.09         

  P. arenarium  Generation  1  0.20  0.20  5.42  0.080   

    Error  4  0.15  0.04       

    Population  4  6.61  1.65  162.04  <0.001  *** 

    Gen * Pop  4  0.41  0.10  9.96  <0.001  *** 

    Error  16  0.16  0.01         

  S. vulgaris  Generation  1  0.10  0.09  0.95  0.384   

    Error  4  0.40  0.10       

    Population  3  2.49  0.83  7.20  0.007  ** 

    Gen * Pop  2  0.52  0.26  2.25  0.156   

    Error  10  1.15  0.12       

  V. arvensis  Generation  1  0.3886  0.3886  10.45  0.0319  * 

    Error  4  0.1487  0.0372       

    Population  3  2.3053  0.7684  4.725  0.0265  * 

    Gen * Pop  2  0.2301  0.1150  0.707  0.5160   

    Error  10  1.6264  0.1626       
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Species Predictor df Sum Sq Mean Sq F value P (> Chi)
A. serpyllifolia Generation 1 293 2.93 3.86 0.121
Error 4 3.04 0.76
Population 5 7.61 1.52 9.46 <0.001 Hokok
Gen * Pop 5 1.92 0.38 2.38 0.075
Error 20 3.22 0.16
C. diffusum Generation 1 0.06 0.06 0.38 0.573
Error 4 0.62 0.15
Population 4 525 1.31 1543 <0.001 *kk
Gen * Pop 3 2.13 0.71 8.33 0.002 *%
Error 14 1.19 0.09
P. arenarium Generation 1 0.95 0.95 25.36 0.007 wx
Error 4 0.15 0.04
Population 4 0.56 0.14 13.62 <0.001 ok
Gen * Pop 4 2.01 0.50 49.39 <0.001 ok
Error 16 0.16 0.01
S. vulgaris Generation 1 2.92 2.92 29.33 0.006 *%
Error 4 0.40 0.10
Population 2 0.51 0.17 1.49 0.277
Gen * Pop 1 1.51 0.75 6.53 0.015 *
Error 10 1.15 0.12
V. arvensis Generation 1 047 0.47 11.55 0.027 *
Error 4 0.16 0.04
Population 2 1.61 0.54 3.26 0.068
Gen * Pop 1 0.22 0.10 0.63 0.554
Error 10 1.65 0.16










  Species  Predictor  df  Sum Sq  Mean Sq  F value  P (> Chi)   

  A. serpyllifolia  Generation  1  2.93  2.93  3.86  0.121   

    Error  4  3.04  0.76       

    Population  5  7.61  1.52  9.46  <0.001  *** 

    Gen * Pop  5  1.92  0.38  2.38  0.075  . 

    Error  20  3.22  0.16         

  C. diffusum  Generation  1  0.06  0.06  0.38  0.573   

    Error  4  0.62  0.15       

    Population  4  5.25  1.31  15.43  <0.001  *** 

    Gen * Pop  3  2.13  0.71  8.33  0.002  ** 

    Error  14  1.19  0.09         

  P. arenarium  Generation  1  0.95  0.95  25.36  0.007  ** 

    Error  4  0.15  0.04       

    Population  4  0.56  0.14  13.62  <0.001  *** 

    Gen * Pop  4  2.01  0.50  49.39  <0.001  *** 

    Error  16  0.16  0.01         

  S. vulgaris  Generation  1  2.92  2.92  29.33  0.006  ** 

    Error  4  0.40  0.10       

    Population  2  0.51  0.17  1.49  0.277   

    Gen * Pop  1  1.51  0.75  6.53  0.015  * 

    Error  10  1.15  0.12       

  V. arvensis  Generation  1  0.47  0.47  11.55  0.027  * 

    Error  4  0.16  0.04       

    Population  2  1.61  0.54  3.26  0.068  . 

    Gen * Pop  1  0.22  0.10  0.63  0.554   

    Error  10  1.65  0.16       
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Species Predictor df Sum Sq Mean Sq F value P (> Chi)
A. serpyllifolia Generation 1 0.00 0.00 0.09 0.775
Error 4 0.10 0.02
Population 5 1.33 0.27 601 0.002 *k
Gen * Pop 5 022 0.04 1.00 0.441
Error 20 0.89 0.04
C. diffusum Generation 1 0.14 0.14 321 0.148
Error 4 0.17 0.04
Population 4 2.70 0.67 18.03 <0.001 *kk
Gen * Pop 3 0.26 0.09 2.31 0.121
Error 14 0.52 0.04
P. arenarium Generation 1 0.24 0.24 23.23 0.009 wx
Error 4 0.04 0.01
Population 4 548 1.37 84.08 <0.001 ok
Gen * Pop 4 1.37 0.34 20.95 <0.001 ook
Error 16 0.26 0.02
S. vulgaris Generation 1 4.48 4.48 1042 0.032 *
Error 4 1.72 043
Population 3 1.23 041 1.28 0.333
Gen * Pop 2 0.82 041 1.29 0318
Error 10 3.20 0.32
V. arvensis Generation 1 0.004 0.004 0.08 0.79
Error 4 0.20 0.05
Population 3 0.15 0.05 244 0.125
Gen * Pop 2 0.02 0.01 043 0.660
Error 10 0.21 0.21










  Species  Predictor  df  Sum Sq  Mean Sq  F value  P (> Chi)   

  A. serpyllifolia  Generation  1  0.00  0.00  0.09  0.775   

    Error  4  0.10  0.02       

    Population  5  1.33  0.27  6.01  0.002  ** 

    Gen * Pop  5  0.22  0.04  1.00  0.441   

    Error  20  0.89  0.04         

  C. diffusum  Generation  1  0.14  0.14  3.21  0.148   

    Error  4  0.17  0.04       

    Population  4  2.70  0.67  18.03  <0.001  *** 

    Gen * Pop  3  0.26  0.09  2.31  0.121   

    Error  14  0.52  0.04         

  P. arenarium  Generation  1  0.24  0.24  23.23  0.009  ** 

    Error  4  0.04  0.01       

    Population  4  5.48  1.37  84.08  <0.001  *** 

    Gen * Pop  4  1.37  0.34  20.95  <0.001  *** 

    Error  16  0.26  0.02         

  S. vulgaris  Generation  1  4.48  4.48  10.42  0.032  * 

    Error  4  1.72  0.43       

    Population  3  1.23  0.41  1.28  0.333   

    Gen * Pop  2  0.82  0.41  1.29  0.318   

    Error  10  3.20  0.32       

  V. arvensis  Generation  1  0.004  0.004  0.08  0.79   

    Error  4  0.20  0.05       

    Population  3  0.15  0.05  2.44  0.125   

    Gen * Pop  2  0.02  0.01  0.43  0.660   

    Error  10  0.21  0.21       
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Species Predictor df Sum Sq Mean Sq  F value P (> Chi)
A. serpyllifolia Generation 1 0.26 0.261 3.38 0.14
Error 4 0.31 0.08
Population 5 1.11 022 5.57 0.002 *k
Gen * Pop 5 0.35 0.07 1.72 0.174
Error 20 0.80 0.04
C. diffusum Generation 1 0.27 0.27 3.79 0.124
Error 4 0.29 0.07
Population 4 1.90 0.48 20.43 <0.001 *kk
Gen * Pop 3 0.14 0.05 2.05 0.153
Error 14 0.33 0.02
P. arenarium Generation 1 045 045 28.65 0.005 Hk
Error 4 0.06 0.02
Population 4 5.39 1.35 196.16 <0.001 ok
Gen * Pop 4 0.255 0.0638 9.29 <0.001 ok
Error 16 0.110 0.0069
S. vulgaris Generation 1 0.01 0.01 1.22 0.33
Error 4 0.03 0.01
Population 3 0.28 0.09 1.06 041
Gen * Pop 2 0.25 0.13 143 0.29
Error 10 0.88 0.09
V. arvensis Generation 1 0.03 0.03 0.94 0.39
Error 4 0.12 0.03
Population 3 2.81 0.94 26.11 0.00 Hokok
Gen * Pop 2 0.02 0.01 0.35 0.72
Error 10 0.36 0.04










  Species  Predictor  df  Sum Sq  Mean Sq  F value  P (> Chi)   

  A. serpyllifolia  Generation  1  0.26  0.261  3.38  0.14   

    Error  4  0.31  0.08       

    Population  5  1.11  0.22  5.57  0.002  ** 

    Gen * Pop  5  0.35  0.07  1.72  0.174   

    Error  20  0.80  0.04       

  C. diffusum  Generation  1   0.27  0.27  3.79  0.124   

    Error  4  0.29  0.07       

    Population  4   1.90  0.48  20.43  <0.001  *** 

    Gen * Pop  3  0.14  0.05  2.05  0.153   

    Error  14  0.33  0.02         

  P. arenarium  Generation  1   0.45  0.45  28.65  0.005  ** 

    Error  4  0.06  0.02       

    Population  4  5.39  1.35  196.16  <0.001  *** 

    Gen * Pop  4  0.255  0.0638  9.29  <0.001  *** 

    Error  16  0.110  0.0069       

  S. vulgaris  Generation  1   0.01  0.01  1.22  0.33   

    Error  4  0.03  0.01       

    Population  3   0.28  0.09  1.06  0.41   

    Gen * Pop   2  0.25  0.13  1.43  0.29   

    Error  10   0.88  0.09         

  V. arvensis  Generation  1  0.03  0.03  0.94  0.39   

    Error  4  0.12  0.03       

    Population  3  2.81  0.94  26.11  0.00  *** 

    Gen * Pop  2  0.02  0.01  0.35  0.72   

    Error  10  0.36  0.04         
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Species Predictor df Sum Sq Mean Sq  F value P (> Chi)
A. serpyllifolia Generation 1 0.10 0.10 0.83 0414
Error 4 048 0.12
Population 5 0.15 0.03 0.53 0.751
Gen * Pop 5 0.94 0.19 3.32 0.024 *
Error 20 1.13 0.06
C. diffusum Generation 1 0.09 0.09 1.20 0.335
Error 4 0.31 0.08
Population 4 0.86 0.22 8.12 0.001 *%
Gen * Pop 3 0.01 0.00 0.12 0.945
Error 14 0.37 0.03
P. arenarium Generation 1 0.39 0.39 7.58 0.051
Error 4 0.20 0.05
Population 4 142 0.36 481 0.010 Hok
Gen * Pop 4 1.06 0.26 3.57 0.029 *
Error 16 1.18 0.07
S. vulgaris Generation 1 0.88 0.88 25.63 0.007 *%
Error 4 0.14 0.03
Population 3 0.35 0.12 1.34 0.315
Gen * Pop 2 0.74 0.37 427 0.046 *
Error 10 0.87 0.09
V. arvensis Generation 1 0.03 0.03 0.65 0.466
Error 4 0.20 0.05
Population 3 0.05 0.02 0.30 0.825
Gen * Pop 2 0.19 0.09 1.68 0.236
Error 10 0.57 0.06










  Species  Predictor  df  Sum Sq  Mean Sq  F value  P (> Chi)   

  A. serpyllifolia  Generation  1  0.10  0.10  0.83  0.414   

    Error  4  0.48  0.12       

    Population  5  0.15  0.03  0.53  0.751   

    Gen * Pop  5  0.94  0.19  3.32  0.024  * 

    Error  20  1.13  0.06         

  C. diffusum  Generation  1  0.09  0.09  1.20  0.335   

    Error  4  0.31  0.08       

    Population  4  0.86  0.22  8.12  0.001  ** 

    Gen * Pop  3  0.01  0.00  0.12  0.945   

    Error  14  0.37  0.03         

  P. arenarium  Generation  1  0.39  0.39  7.58  0.051  . 

    Error  4  0.20  0.05       

    Population  4  1.42  0.36  4.81  0.010  ** 

    Gen * Pop  4  1.06  0.26  3.57  0.029  * 

    Error  16  1.18  0.07         

  S. vulgaris  Generation  1  0.88  0.88  25.63  0.007  ** 

    Error  4  0.14  0.03       

    Population  3  0.35  0.12  1.34  0.315   

    Gen * Pop  2  0.74  0.37  4.27  0.046  * 

    Error  10  0.87  0.09         

  V. arvensis  Generation  1  0.03  0.03  0.65  0.466   

    Error  4  0.20  0.05       

    Population  3  0.05  0.02  0.30  0.825   

    Gen * Pop  2  0.19  0.09  1.68  0.236   

    Error  10  0.57  0.06         
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